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PREFACE 


The  technical  program  described  within  this  report  was  performed  by 
Kaman  Aerospace  Corporation,  Bloomfield,  Connecticut,  with  subcontracting 
assistance  provided  by  Bolt  Beranek  and  Newman,  Inc.,  Cambridge, 
Massachusetts.  Kaman  Aerospace  Corporation  personnel  participating  in 
this  effort  included  Mr.  M.  A.  Bowes,  Mr.  N.  Giansante,  Mr.  W.  Smyth, 

Mr.  A.  Plaks  and  Mr.  R.  E.  Collins.  Bolt  Beranek  arid  Newman  personnel 
involved  were  Mr.  R.  White  and  Mr.  K.  Aravamudan.  The  contract 
monitor  for  this  effort  was  Mr.  L.  Bedore.  The  contributions  of  all  of 
these  individuals  are  gratefully  ackncwlodged. 


SUMMARY 


A study  was  performed  to  determine  the  noise  reduction  benefits  and 
economic  costs  associated  with  applying  state  of  the  art  noise  reduction 
methods  to  future  design  civil  helicopters.  As  part  of  this  study,  a 
survey  of  the  make-up  of  the  civil  fleet  was  performed,  and  this  fleet 
make-up  was  projected  to  the  1980  time  frame.  Analytical  methods  were 
developed  and/or  adopted  for  calculating  helicopter  component  noise, 
and  these  methods  were  incorporated  into  a unified  total  vehicle  noise 
calculation  model.  Analytical  methods  were  also  developed  for  calculating 
the  effects  of  noise  reduction  methodology  on  helicopter  design,  per- 
formance and  cost.  The  analytical  methods  were  used  to  calculate  baseline 
noise  and  cost  characteristics  of  several  existing  civil  helicopters. 
These  methods  were  also  used  to  calculate  changes  in  noise,  design, 
performance  and  cost  due  to  the  incorporation  of  engine  anti  main  rotor 
noise  reduction  methods.  All  noise  reduction  techniques  were  evaluated 
in  the  context  of  an  established  mission  performance  criterion  which 
included  consideration  of  hover  ceiling,  forward  flight  range/speed/ 
payload  and  rotor  stall  margin. 

The  existing  domestic  civil  helicopter  fleet  consists  of  more  than  4000 
vehicles  with  thirty-three  different  types.  Included  in  this  fleet  are 
helicopters  ranging  in  size  from  the  1600  pound  gross  weight  Hughes  269 
to  the  42,000  pound  gross  weight  Sikorsky  S-64.  Powerplants  used  include 
single  reciprocating  (piston)  and  shaft  turbine  engines,  as  well  as  twin 
turboshaft  installations.  While  the  majority  of  vehicles  now  in  use  are 
of  domestic  manufacture,  a significant  number  are  foreign  made.  Civil 
helicopter  annual  usage  rates  range  from  360  hours  per  a/c  year,  for 
those  vehicles  in  private  use,  to  over  1200  hours  per  a/c  year  for 
scheduled  passenger  carriers. 

Projection  of  the  domestic  civil  helicopter  fleet  to  the  1980  time  frame 
indicates  that  fleet  size  will  increase  to  over  6000  vehicles.  The 
majority  of  this  growth  will  be  due  to  continued  production  of  existing 
vehicle  types.  However,  several  new  vehicle  types,  now  in  the  prototype 
or  initial  production  stage,  will  be  introduced  in  small  but.  significant 
numbers  by  1980.  These  new  types  are  all  twin  turbine  powered,  and  their 
gross  weights  and  overall  design  characteristics  are  well  within  the 
ranges  of  existing  vehicle  types. 

Analytical  methods  have  been  developed  for:  calculating  helicopter  noise; 
estimating  changes  in  vehicle  design  and  performance  characteristics 
due  to  the  application  of  noise  reduction  methods;  and,  calculating 
helicopter  life  cycle  costs.  The  noise  calculation  method  considers 
the  rotor  system,  engine  and  transmission  contributions  separately  then 
adds  these  contributions  to  determine  total  vehicle  noise  spectra.  Total 
vehicle  noise  is  calculated  in  terms  of  a time  history  of  1/3  octave 
band  sound  pressure  level  spectra  relative  to  a given  observer  location 


and  steady  forward  flight  condition.  These  spectra  are  converted  to 
overall  sound  pressure  level,  A-weighted  sound  pressure  level,  perceived 
noise  level  and  tone  corrected  perceived  noise  level  time  histories,  and 
are  further  analyzed  to  determine  effective  perceived  noise  level.  Com- 
parison of  calculated  component  (rotor  system,  engine  and  transmission) 
noise  levels  with  available  test  data  indicates  good  correlation. 

Changes  in  vehicle  design  and  performance  characteristics  due  to  noise 
reduction  methodology  are  calculated  with  an  iterative  analytical  model 
which  includes  the  following  elements: 

0 Vehicle  airframe  weights 

0 Engine  weight  and  performance 

# Vehicle  hover  performance 

0 Vehicle  forward  flight  performance 

0 Fuel  load  requirements 
. 0 Rotor  stal 1 margin 

This  method  is  used  to  adjust  vehicle  airframe,  engine  and  fuel  weights, 
and  installed  power  to  compensate  for  changes  in  vehicle  design, 
associated  with  reducing  vehicle  noise.  These  characte-  istics  are 
adjusted  based  on  established  hover  and  forward  flight  mission  perform- 
ance requirements. 

Helicopter  life  cycle  cost  is  calculated  in  terms  of  initial  investment 
cost,  indirect  operating  cost  and  direct  operating  cost  elements.  The 
cost  calculation  method  uses  historically  based  trends  relating  the 
various  cost  elements  to  pertinent  vehicle  design  and  performance 
characteristics.  Costs  are  calculated  in  absolute  (1976)  dollar  terms, 
and  provisions  are  included  for  calculating  percentage  changes  in 
elemental  and  life  cycle  costs  due  to  incorporation  of  noise  reduction 
methodology. 


Calculations  of  baseline  noise,  cost  and  performance  were  made  for 
several  existing  civil  helicopters  felt  to  be  representative  of  the 
civil  helicopter  fleet.  Total  vehicle  noise  was  calculated,  in  terms 
of  1/3  octave  band  sound  pressure  levels.  OASPL,  dBA,  PNdB,  PNLT  and 
EPNL  for  simulated  steady  level  flight  conditions.  Component  (rotor 
system,  engine  and  transmission)  noise  was  also  calculated,  in  similar 
terms,  and  used  to  establish  the  relative  significance  of  each  component 
source  with  respect  to  their  contributions  to  total  vehicle  EPNL.  In 
all  cases,  the  main  rotor  and  engines  were  found  to  contribute  most. 


A survey  of  state  of  the  art  helicopter  noise  reduction  methods  was  per- 
formed and  specific  methods  were  chosen  for  further  analytical  evaluation. 
Those  methods  chosen  included  techniques  applicable  to  the  main  rotor  and 
engines  only,  since  these  sources  were  found  to  be  most  significant.  Main 
rotor  noise  reduction  methods  selected  were  increased  rotor  radius,  blade 
chord  and  blade  number  and  reduced  rotor  tip  speed.  The  use  of  exhaust 
duct  treatment  was  selected  for  reducing  engine  noise. 

The  effects  of  turbine  engine  exhaust  duct  treatment  were  determined  for 
three  differing  civil  helicopter  models,  ranging  in  size  from  2500  lb  G.W. 
to  19,500  lb  G.W.  A range  of  duct  treatments  was  considered  for  each 
study  vehicle,  with  silencer  system  weights  up  to  approximately  3%  of 
base  vehicle  gross  weight.  Trends  of  silencer  weight  with  vehicle  EPixL 
reduction  were  calculated,  and  these  trends  were  similar  for  the  three 
study  vehicles.  Maximum  vehicle  noise  reductions  achieved  with  exhaust 
duct  treatment  were  approximately  3 EPNL,  for  all  vehicles  considered. 

The  impact  of  engine  exhaust  duct  treatment  on  vehicle  design  and  per- 
formance was  calculated,  based  on  the  established  mission  performance 
regui rements.  Changes  in  vehicle  gross  weight,  airframe  weight,  engine 
weight,  installed  power  and  fuel  load  induced  by  exhaust  treatment  weight 
and  engine  performance  degradation  were  determined.  Achievement  of  a 2.5 
EPNdB  vehicle  noise  reduction  through  exhaust  duct  treatment  was  shown 
to  result  in  a 2.8%  to  3.4%  gross  weight  growth,  a 1.8%  to  2.1%  airframe 
weight  growth,  engine  growth  of  2.2%  to  2.7 % in  weight  and  4.3%  to  5.2% 
in  installed  power  and  required  fuel  load  growth  of  1.5%  to  1.7%. 

The  impact  of  engine  exhaust  duct  treatment  on  life  cycle  cost  was  also 
calculated.  Both  direct  and  induced  cost  changes  were  considered.  A 
2%  to  3%  life  cycle  cost  increase  was  shown  for  a vehicle  noise  reduction 
of  2.5  EPNL. 

A similar  study  was  performed  considering  the  effects  of  main  rotor 
noise  reduction  methodology.  Increasing  rotor  radius,  blade  chord  and 
blade  number  were  evaluated,  both  individually  and  in  concert  with 
reduced  rotor  tip  speed.  Allowable  tip  speed  reduction  was  predicated 
on  the  established  rotor  stall  margin  criterion.  Rotor  radius  increases 
up  to  25%  were  considered.  Blade  chord  was  increased  up  to  50%,  and 
blade  number  up  to  twice  the  number  of  blades  on  the  baseline  rotor. 

The  three  study  vehicles  used  for  the  engine  noise  reduction  evaluation 
were  also  used  to  evaluate  main  rotor  noise  reduction  methods. 

Net  noise  reduction  obtainable  with  each  rotor  noise  reduction  method 
was  calculated,  considering  rotor  design  and  performance  induced  growth 
in  vehicle  gross  weight  and  rotor  thrust.  In  all  cases,  the  net  noise 
reduction  was  shown  to  be  small.  Induced  vehicle  design,  performance 
and  cost,  changes,  however,  were  shown  to  be  substantial.  On  the  basis 
of  this  unfavorable  cost  to  benefit  ratio,  it  was  concluded  that  the 
rotor  noise  reduction  methods  evaluated  were  not  cost  effective  means 
for  reducing  helicopter  noise. 
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INTRODUCTION 


The  increasing  use  of  commercial  helicopters  in  the  community  has  sharply 
increased  the  public's  awareness  of  and  reaction  to  the  helicopter's 
characteristic  noise  signature.  This  type  of  vehicle,  which  was  only  a 
short  time  ago  relegated  to  use  almost  exclusively  in  the  military  sector, 
is  now  finding  application  in  a wide  variety  of  civil  missions,  many  of 
which  require  operation  over  heavily  populated  areas.  The  helicopter's 
economic  viability  is  being  proven  through  the  performance  of  such  diverse 
roles  as  scheduled  passenger  carrier,  corporate/executive  transporter 
and  aerial  crane,  supporting  the  construction  industry.  Additionally, 
it  is  being  used  as  a public  servant  for  police  work  and  as  an  aerial 
ambulance.  It  is  the  increasing  use  of  the  helicopter  in  these  roles, 
coupled  with  the  need  to  protect  the  public's  quality  of  life,  which  has 
brought  about  the  necessity  for  a helicopter  noise  certification  rule. 

The  establishment  of  a noise  certification  rule  for  new  design  civil 
helicopters  must  consider  the  desires  and  needs  of  both  the  community  and 
the  helicopter  operator.  While  the  promulgation  of  a rule  restricting 
helicopter  noise  to  totally  unobtrusive  levels  would  be  desirable  to  the 
community,  such  a rule  could  very  well  severely  reduce  the  helicopter's 
economic  viability  and/or  limit  its  utility.  Conseguently,  definition  of 
a reasonable  specification  requires  knowledge  of  both  the  communities' 
subjective  acceptance  of  helicopter  noise,  and  the  technological  and 
economic  aspects  of  helicopter  noise  reduction.  The  present  program 
deals  with  the  second  of  these  problems,  namely,  definition  of  the 
technological  and  economic  aspects  of  helicopter  noise  reduction. 

The  objective  of  the  present  program  is  to  determine  both  the  degree  of 
helicopter  noise  reduction  obtainable  in  future  design  helicopters  using 
existing  helicopter  noise  reduction  technology,  and  the  cost  of  applying 
this  technology.  In  order  to  satisfy  this  objective,  the  following 
questions  must  be  answered: 

(1)  What  are  the  sources  of  helicopter  noise  and  what  are  the 
relative  contributions  of  each  source  to  the  total  helicopter 
vehicle  noise? 

(2)  What  methods  exist  for  reducing  the  various  helicopter 
noise  sources,  and  how  much  reduction  in  total  vehicle 
noise  can  be  achieved  with  these  methods? 

(3)  What  direct  and  indirect  changes  in  vehicle  design  and 
performance  are  induced  as  a result  of  application  of 
these  methods? 

(4)  What  changes  in  vehicle  cost  result  from  the  induced  changes 
in  vehicle  design  and  performance? 
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A great  deal  of  work  in  (.fin  area  of  helicopter  noise  reduction  has  been 
performed',  arid  this  work  has  led  to  partial  answers  to  several  of  the 
preceding  questions.  Ihe  information  available  from  these  studies  is 
not,  however,  sufficient  to  completely  answer  all  of  the  pertinent 
questions.  The  function  of  the  present  study  is  to  provide  these 
necessary  answers,  using  the  available  data  as  a technical  base. 

SOURCES  OF  HELICOPTER  NOISE 

The  noise  signature  of  a helicopter  is  composed  of  contributions  from  a 
number  of  vehicle  components.  The  main  rotor,  or  rotors,  which  provide 
the  lift  and  thrust  forces  for  the  vehicle,  generate  sound  by  virtue  of 
the  inherent  aerodynamic  forces  on  the  blades.  These  forces  give  rise 
to  both  periodic  and  random  noise  components  which  appear  in  the  vehicle 
acoustic  spectrum  over  the  entire  audible  range,  generally  dominating  the 
signature  in  the  low  to  mid  frequency  region. 

The  noise  contribution  of  the  powerplarit.  varies  depending  upon  the  type 
of  engine  installed,  lor  reciprocating  engine  powered  vehicles,  the 
major  powerplarit.  noise  source  is  the  pulsating  exhaust  stream,  which 
radiates  noise  at  frequencies  equal  to  the  engine  firing  frequency  and 
its  harmonics.  Reciprocating  engines  also  radiate  noise  due  to  vibrating 
structural  elements  and  intake  airflow.  Noise  generation  in  turboshaft 
engines  results  from  a number  of  causes.  Both  intake  and  exhaust  flows 
generate  noise  aerodynamical ly,  due  to  free  turbulence  and  interaction 
of  turbulence  with  solid  boundaries.  Within  the  engine  itself,  turbulence 
associated  with  the  unsteady  combustion  process  results  in  noise  radiation 
through  the  exhaust  stream,  and  excitation  and  reradiation  from  the  engine 
case.  The  rotating  elements  of  the  engine  (compressor  and  turbine  fans) 
generate  noise  in  a manner  similar  to  that  of  the  helicopter  rotors. 

Engine  fan  noise  is  mod i f i ed,  however,  by  the  presence  of  stators  and  the 
fact  that  these  fans  are  enclosed  in  a duct. 

In  a t/pical  helicopter,  power  from  the  engine  or  engines  is  transmitted 
?.<>  the  rotors  through  a uc.immI  transmission  system.  Noise  is  generated 
within  this  system  through  the  meshing  of  gear  teeth,  forces  generated 
during  gear  meshing  excite  shaft  vibration  which  is  transmitted  struc- 
turally to  the  transmission  <ase  through  shaft  support  hearings. 

Vi  brat  inti  ot  the  case  results  in  noise  radiation  from  both  the  case 
itself  and  attached  airframe  structure.  The  gearbox  component  of  vehicle 
noise  consists  of  multiple  pure  tones  at  frequencies  equal  to  gear  tooth 
dash  rates  and  their  harmonics. 

Ini;  relative  significance  of  the  various  helicopter  noise  sources  depends 
upon  the  particular  vehicle  configuration,  its  flight  condition,  the 


'liagl  iO/t/ti , B. , et  al.  "A  Comprehensive  Review  of  Helicopter  Noise 
Literature",  DOT/FAA  Report  No.  FAA-RD-75-79,  June  1975. 


relative  orientation  of  vehicle  and  observer  and  the  method  which  is  used 
to  evaluate  the  noise  signature.  Considering  equal  weighting  of  fre- 
quency content  and  moderate  observer  to  source  separation,  the  rotor  of 
a turboshaft  powered  helicopter  generally  dominates  the  overall  sound 
pressure  level,  with  the  engine  contribution  second  in  importance  and  the 
gearbox  contributing  least.  If  a reciprocating  engine  is  installed,  its 
contribution  may  exceed  that  of  the  rotor  system.  This  hierarchy  is 
generally  valid  for  conventional  helicopters  which  do  not  incorporate 
noise  reduction  measures. 

Vehicle  flight  condition  and  vehicle/observer  orientation  may  have  a 
significant  effect  on  relative  source  importance.  All  helicopter  noise 
components  are  highly  directional,  and  directionality  as  well  as  source 
efficiency  is  influenced  by  vehicle  forward  speed.  During  hovering 
flight,  helicopter  rotors  exhibit  directionality  only  out  of  their 
plane  of  rotation.  However,  since  all  existing  helicopters  utilize 
more  than  one  rotor,  either  in  tandem  or  as  a main  and  tail  rotor  com- 
bination, the  total  noise  contribution  of  the  rotor  system  will  vary 
about  the  azimuth.  Variation  with  elevation  angle  will  also  occur 
because  of  the  rotors  inherent  out  of  plane  directionality.  Consequently, 
depending  upon  helicopter/observer  angular  orientation,  any  of  the  vehicle 
noise  components  may  dominate  the  overall  sound  pressure  level.  For  the 
forward  flight  case,  additional  complexity  is  introduced  by  the  fact  that 
the  rotors  will  exhibit  both  in-plane  and  out-of-plane  directionality. 

In  qeneral,  the  contributions  of  the  various  helicopter  noise  sources 
cannot  be  quantified  using  test  data  because  of  masking  effects.  Con- 
sequently, analytical  methods  must  be  used  to  define  the  constituent 
parts  of  the  vehicle  spectrum.  Noise  spectra  for  each  component  source 
can  be  calculated  with  reasonable  accuracy  using  existing  aralytical 
techniques.  These  component  spectra  may  then  be  added,  resulting  in  the 
total  vehicle  spectrum.  In  this  way  the  individual  source  contributions 
are  quantified  and  their  relative  significance  for  any  specific  vehicle 
flight  condition  and  observer  orientation  are  determined.  This  approach 
has  been  taken  in  the  present  program. 

HELICOPTER  NOISE  REDUCTION 

A large  body  of  information  has  been  developed  relative  to  helicopter 
noise  reduction'.  Methods  exist  for  the  reduction  of  each  component 
noise  source  and  in  many  cases,  these  methods  have  been  shown  to  be 
effective  through  direct  experimental  evaluation.  In  most  cases,  however, 
these  methods  have  been  evaluated  on  an  individual  component  basis  only 
and,  consequently,  little  information  exists  as  to  the  degree  of  total 
vehicle  noise  reduction  which  can  be  achieved  through  the  application  of 
these  methods. 
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This  lack  of  information  is  duo  to  two  factors.  First,  the  expense  of 
deriving  this  information  by  experimental  means  is  prohibitive,  and  the 
resulting  data  is  difficult  to  interpret,  because  in  many  cases  individual 
noise  reduction  methods  cannot  be  applied  in  an  isolated  manner  due  to 
vehicle  safety  and/or  flight  performance  requirements.  Secondly,  while 
this  information  can  be  obtained  using  analytical  means,  this  approach 
requires  the  use  of  a unified  helicopter  vehicle  noise  calculation  method 
which,  until  the  present  program,  has  not  been  available. 

An  additional  factor  must  be  taken  into  account  before  a valid  assessment 
of  the  actual  vehicle  noise  reduction  obtainable  with  these  methods  can 
be  determined.  While  significant  noise  reduction  may  be  theoretically 
obtainable  with  a given  component  noise  reduction  method,  secondary 
Changes  in  this  or  some  other  vehicle  component  may  be  required  in  order 
to  apply  the  method.  These  induced  changes  can,  of  themselves,  cause 
noise  level  changes  which  may  either  add  to  or  subtract  from  the  theo- 
retically obtainable  noise  reduction.  Determination  of  the  net  vehicle 
noise  reduction  associateo  with  any  component  noise  reduction  method 
requires  consideration  of  all  of  these  significant  induced  changes. 

To  illustrate  the  significance  of  this  factor,  consider  the  net  effect 
of  a change  in  the  helicopter  rotor  system,  for  example,  the  addition  of 
a rotor  blade  to  a multibladed  rotor,  which  would  be  expected  to  reduce 
the  rotor  noise'.  Addition  of  this  blade  will  add  incrementally  to  the 
rotor  system  weight,  and  will  also  cause  an  increase  in  vehicle  struc- 
tural weight.  This  change  may  also  modify  vehicle  hover  performance 
and  the  combined  weight  and  performance  change  could  necessitate  a change 
in  installed  power,  and  consequently,  engine  weight.  These  changes  may 
also  induce  changes  in  power  required  to  cruise  and  fuel  consumption  rate 
during  cruise,  necessitating  a change  in  fuel  load  to  maintain  constant 
cruise  range/speed  capability.  Given  these  changes  in  weight,  the  rotor 
thrust  requirement  at  any  flight  condition  could  be  different  with  the 
added  blade,  and  the  net  noise  level  change  associated  with  the  change 
iri  blade  number  must  in  dude  the  effect  of  this  change  in  thrust. 

Previous  efforts  to  quantify  the  effects  of  helicopter  noise  reduction 
methods  have  not  generally  considered  the  above  induced  vehicle  changes. 

In  the  present  program,  however,  these  factors  have  been  considered  and 
accounted  for. 


INFLUENCE  OF  NOISE  REDUCTION  ON  HELICOPTER  DESIGN 


As  mentioned  in  the  previous  section,  induced  changes  in  vehicle  design 
due  to  the  application  of  component  noise  reduction  methods  must  be 
considered  before  valid  estimates  of  the  net  effects  of  these  methods 
can  be  made.  In  order  to  be  meaningful,  these  induced  changes  in  design 
must  be  considered  in  the  context  of  fixed  vehicle  mission  performance 
criteria.  This  approach  permits  the  direct  comparison  of  the  noise  and 
cost  characteristics  of  existing  and  reduced  noise  helicopter  vehicles 
having  equal  mission  capability. 

Present  generation  helicopters  have  been  designed  to  specific  performance 
requirements,  usually  specified  in  terms  of  both  a hover  and  a forward 
flight  capability.  Hover  capability  is  normally  stated  in  terms  of 
ability  to  sustain  a given  payload,  out  of  ground  effect  (OGE)  under 
given  conditions  of  altitude  and  temperature.  Forward  flight  performance 
capability  may  be  specified  either  in  terms  of  the  ability  to  carry  a 
given  payload  a prescribed  distance  at  a given  speed,  or  in  terms  of  the 
ability  to  carry  a given  payload  for  a prescribed  period  of  time.  These 
performance  requirements  define  vehicle  mission  capability,  and  within 
this  mission  capability,  vehicle  parameters  are  normally  selected  on  the 
basis  of  maximizing  the  ratio  of  payload  weight  to  gross  vehicle  weight, 
since  this  tends  to  minimize  vehicle  cost. 

Future  helicopters  will  undoubtedly  be  designed  in  much  the  same  way, 
using  similar  performance  requirements  and  design  goals.  The  inclusion 
of  a specific  noise  limiting  regulation  will  not  change  the  design  process 
itself.  Rather,  the  requirement  to  limit  vehicle  noise  to  a specified 
value  will  be  treated  as  an  additional  performance  criterion,  impacting 
vehicle  design  in  much  the  same  way  as  hover/payload  and  speed/range/ 
payload  performance  requirements.  Within  the  present  program  the 
influence  of  noise  reduction  on  helicopter  design  has  been  determined 
in  exactly  this  manner. 

INFLUENCE  OF  NOISE  REDUCTION  ON  VEHICLE  COST 


While  helicopter  noise  reduction  represents  a benefit  to  the  community, 
the  induced  changes  in  vehicle  design  and  performance  represent,  at 
least  potentially,  an  added  cost  to  the  civil  helicopter  operator.  Given 
the  nature  and  magnitude  of  these  changes  in  design  and  performance  the 
associated  cost  changes  may  be  calculated  and  directly  related  to  the 
respective  noise  reductions.  This  is  a most  meaningful  relationship 
since  it  enables  the  direct  evaluation  of  the  economic  cost  associated 
with  a given  degree  of  noise  reduction.  Comparison  of  these  relation- 
ships also  permits  evaluation  of  the  relative  cost  of  the  various 
alternate  noise  reduction  methods. 
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Within  the  present  program  changes  in  economic  cost  have  been  calculated 
on  the  bases  of  total  vehicle  life  cycle  cost  and  its  constituent  cost 
elements.  Total  life  cycle  cost  is  the  total  dollar  cost  of  owning  and 
operating  a helicopter  vehicle  for  a .oecified  number  of  yearly  operating 
hours,  for  the  total  expected  useful  vehicle  life.  Cost  elements  which 
make  up  the  total  life  cycle  cost  are  the  initial  acquisition  cost,  the 
indirect  operating  cost  and  the  direct  operating  cost.  Each  of  these 
cost  elements  can  be  related  to  one  or  more  of  the  vehicle  design  param- 
eters using  historically  based  trending  relationships.  These  relation- 
ships have  been  used  in  the  present  program  to  calculate  baseline  dollar 
costs  of  several  existing  helicopter  vehicles,  as  well  as  percentage 
changes  in  cost  associated  with  reduced  noise  configurations  of  these 
baseline  vehicles. 

NOISE  REDUCTION  CRITERIA 


In  order  for  the  study  results  to  be  meaningful,  the  degree  of  obtain- 
able noise  reduction  must  be  stated  in  terms  which  can  be  related  to 
community  acceptance,  which  is  a subjective  quantity.  While  a 
significant  amount  of  work  has  been  performed  to  develop  a criteria 
for  evaluating  community  response  to  helicopter  noise,  no  universally 
acceptable  criteria  exists. ^ Of  those  criteria  which  have  been  suggested 
foi  r. however,  the  effective  perceived  noise  level  (EPNL)  unit  has 
the  widest  acceptance.  EPNL  is  presently  used  as  part  of  FAR  Part  36 
for  the  certification  of  fixed  wing  subsonic  jet  transports. 2 In  the 
present  program,  EPNL  is  used  as  the  primary  noise  reduction  criteria, 
although  A-weighted  sound  pressure  level  (dBA)  and  overall  sound  pressure 
level  (OASPL)  data  are  also  presented. 

The  observed  noise  ot  a helicopter  is  a function  of  both  helicopter 
flight  condition  and  relative  observer  location.  The  observed  change 
in  noise  level  due  to  the  application  of  component  noise  reduction 
methods  will  also,  in  general,  be  a function  of  these  variables.  This 
is  true  because,  as  pointed  out  previously,  the  significance  of  the 
various  component  noise  sources  is  dependent  on  observer  orientation  and 
vehicle  flight  condition.  Variation  may  also  occur  because,  in  many 
cases,  the  changes  in  component  noise  levels  themselves  are  influenced 
by  these  factors.  For  practical  purposes,  however,  present  program 
efforts  have  been  limited  to  consideration  of  only  one  flight  condition 
and  three  observer  locations. 


‘"Sperry,  W.  C. , "Aircraft  Noise  Evaluation",  DOT/FAA  Report  No. 
FAA-NO-68-34,  September  1968. 
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The  flight  condition  used  in  the  present  program  is  steady  level  flight 
at  maximum  vehicle  gross  weight  and  best  range  cruise  speed,  at  a 300 
foot  altitude.  Observer  locations  used  are  five  feet  above  ground  level 
directly  below  the  flight  path  and  500  feet  to  either  side. 

PROGRAM  SCOPE 

This  program  was  performed  in  four  tasks.  The  first  of  these  tasks 
involved  determination  of  the  make-up  of  the  existing  civil  helicopter 
fleet  and  projection  of  this  fleet  make-up  to  the  1980  time  frame.  This 
survey  effort  resulted  in  definition  of  the  numbers  and  types  of  heli- 
copters in  use  as  of  1 January  1976,  and  expected  to  be  in  use  by 
1 January  1980.  Also  established  were  the  design  and  performance  char- 
acteristics of  these  vehicles.  Fleet  make-up  was  categorized  with  respect 
to  generalized  use  (mission)  categories,  and  yearly  usage  rates  were 
determined  for  each  use  category. 

The  analytical  methods  used  to  calculate  vehicle  noi se,  changes  in  vehicle 
design  and  performance  characteristics  and  cost  were  developed  in  the 
second  program  task.  For  the  most  part,  existing  analytical  techniques 
for  the  calculation  of  helicopter  component  noise  were  used.  These 
included  separate  computer  based  models  for  calculating  rotor  noise, 
piston  engine  noise  and  turbine  engine  noise.  The  model  for  calculating 
transmission  noise  was  derived  during  this  task  of  the  present  program. 
These  individual  component  models  were  joined  with  existing  rotor 
performance  and  EPNL/dBA/OASPL  calculation  models  to  form  the  required 
unified  total  vehicle  noise  calculation  method. 

A computer  based  method  for  calculating  induced  changes  in  vehicle  design 
characteristics  was  also  derived  as  part  of  this  task.  This  method 
consists  of  a parametric  helicopter  component  weights  model  which  is 
coupled  to  simplified  hover  and  forward  flight  performance  calculation 
models.  This  task  also  included  the  development  of  an  historically 
based  parametric  life  cycle  cost  model.  These  models  were  used  to 
calculate  the  baseline  noise,  performance  and  cost  characteristics  for 
several  representative  baseline  helicopter  vehicles  selected  from  the 
fleet  survey  data.  These  calculated  baseline  characteristics  were  com- 
pared to  available  test  data  to  validate  the  analytical  methods. 

The  third  task  of  the  program  involved  a survey  of  potential  helicopter 
component  noise  reduction  methods  and  selection  of  suitable  methods  for 
evaluation.  Suitability  of  the  various  methods  was  assessed  with  regard 
to  relative  component  source  significance,  which  was  established  through 
evaluation  of  the  baseline  vehicle  noise  calculations.  Consideration  of 
the  general  applicability  of  these  methods  to  the  various  helicopter  types 
was  also  considered  in  this  selection  process,  and  noise  reduction 
methods  thought  suitable  for  only  one  of  these  types  were  not  selected 
for  evaluation. 


Changes  in  noise  level,  vehicle  design  and  cost  due  to  the  selected 
noise  reduction  methods  were  calculated  in  the  fourth  program  task. 
These  efforts  were  limited  to  evaluation  of  main  rotor  and  turbine 
engine  noise  reduction  methods  since  it  was  determined  that  these  com- 
ponent noise  sources  contributed  most  to  the  total  vehicle  effective 
perceived  noise  level,  for  the  large  majority  of  existing  and  near  term 
new  design  helicopter  vehicles. 

REPORT  FORMAT 


The  format  of  this  report  reflects  the  task  breakdown  of  the  program. 
Separate  sections  dealing  with  each  program  task  are  included.  General 
conclusions  are  given  in  the  final  section. 
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FLEET  SURVEY 


A survey  was  performed  to  determine  the  make-up  of  the  domestic  civil 
helicopter  fleet  in  terms  of: 

(1)  Helicopter  types  (models)  in  service, 

(2)  Design  characteristics  uf  each  helicopter  type. 

(3)  Number  of  each  type  in  service. 

(4)  Fleet  breakdown  by  use  category. 

(5)  Average  annual  usage  rate  for  each  use  category. 

This  information  was  needed  to  serve  as  baseline  data  for  the  noise 
reduction  trade-off  portion  of  the  study.  Specifically,  fleet  iriake-up 
by  helicopter  type  and  number  were  used,  along  with  vehicle  design  char- 
acteristics, as  a reference  for  selecting  suitable  representative  vehicle 
configurations  for  further  study.  The  vehicle  design  characteristics 
were  also  used  to  calculate  baseline  vehicle  and  component  noise  levels 
and  performance  characteristics.  The  average  annual  utilization  rate 
data  were  used  as  a reference  for  selecting  the  utilization  rates  evalu- 
ated in  the  life  cycle  cost  analyses. 

All  of  the  fleet  survey  data  were  derived  from  information  available  in 
the  open  literature.  Fleet  make-up  by  type  was  derived  from  information 
contained  in  Reference  3,  and  verified  through  comparison  with  similar 
data  given  in  Reference  4.  Design  characteristics  of  each  helicopter 
type  were  obtained  from  a number  of  sources,  including  References  6,  6, 


3 

"Directory  of  Helicopter  Operators  in  the  United  States,  Canada  and 
Puerto  Rico",  Aerospace  Industries  Association  of  America,  Inc.., 

November  1975. 

4 

"Model  Inventory  Summary,  July  1975",  Helicopter  Association  of 
America,  July  1975. 

5 

"Aviation  Week  and  Space  Technology  - Aerospace  Forecast  and  Inventory", 
Vol . 104,  No.  11,  March  15,  1976. 

6"The  World's  Current  Helicopters  - 1976",  Interavia,  January  1976, 
pp  68-71. 
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7,  8,  and  9.  In  cases  where  required  data  were  not  available  for  a 
given  civil  helicopter  type,  data  given  for  trie  pertinent  military 
version  were  used.  Where  more  than  one  derivative  version  of  a given 
general  lie!  i copter  type  was  found  to  be  in  use,  the  characteristics  of 
the  most  corijnon  version  were  used. 

The  following  general  categories  of  use  were  established. 

(1)  Personal. 

(2)  Corporate  and  executive. 

(3)  Government. 

(4)  Commercial  utility. 

(5)  Heavy  lift. 

(6)  Scheduled  carrier. 

The  information  of  Reference  3 was  used  to  generate  a breakdown  of  the 
domestic  civil  neli copter  fleet  according  to  these  categories.  In  cases 
where  a specific  vehicle  was  indicated  as  being  used  in  more  than  one 
of  the  established  use  categories,  it  was  placed  in  that  category  which 
represented  its  most  probable  primary  use.  In  this  manner,  each  specific 
vehicle  was  ascribed  to  only  one  use  category,  with  the  sum  of  the 
vehicles  in  all  categories  of  use  equal  to  the  total  number  of  heli- 
copters in  service. 

Average  annual  utilization  rates  for  each  of  the  established  use 
categories  were  derived  using  information  given  in  References  4,  10, 
and  11.  Because  of  the  lack  of  definitive  information  regarding  civil 
helicopter  utilization  the  data  derived  from  these  sources  should  be 


"1969  Encyclopedia  of  Vertical  Lift  Craft",  Vertical  World,  Volume  3, 
No,  11,  November  1 968. 

"Business  Helicopters  7.9",  Flight  International,  30  October  1975. 
^"Janes  All  the  World's  Aircraft". 

^"Helicopters  Meet  New  Challenges",  Aviation  Week  and  Space  Technology, 
Volume  103,  No.  13,  September  29,  1975. 

^'Cayce,  B.  V.,  "Census  of  U.  S.  Civil  Aircraft  - Calendar  Year  1974", 
Federal  Aviation  Administration,  DOT,  December  31,  1974. 
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considered  only  as  a rough  estimate.  Precise  information  of  this  type 
was  not  needed  to  perform  any  of  the  subsequent  analyses  and  therefore 
no  attempt  was  made  to  improve  the  accuracy  of  these  estimates. 

1976  CIVIL  HELICOPTER  FLEET 

As  of  1 January  1976  the  domestic  civil  helicopter  fleet  comprised  4112 
vehicles  including  33  different  types  of  both  domestic  and  foreign  manu- 
facture. The  make-up  and  use  category  breakdown  of  this  fleet  are  given 
in  Table  1.  By  far  the  largest  number  of  helicopters  fall  into  the 
commercial  utility  use  category  which  represents  60%  of  the  total  fleet. 
The  second  largest  category  is  corporate  and  executive,  which  includes 
approximately  18%  of  the  fleet,  and  this  is  followed  closely  by  the 
number  in  civil  government  service,  which  exceeds  15%  of  the  total.  The 
personal  use  category  includes  approximatley  5%,  while  helicopters  used 
for  heavy  lift  and  scheduled  carrier  operations  include,  respectively, 
less  than  1%  and  .2%  of  the  total  fleet. 

With  respect  to  manufacturers , the  Bell  Me.. center  Company  has  the 
largest  number  of  helicopters  in  civil  uses.  Bell  Helicopters  constitute 
almost  60%  of  the  civil  helicopter  fleet,  including  six  different  types 
(models).  Vehicles  manufactured  by  Hughes  Helicopters  constitute  over 
17%  of  the  total  fleet,  with  three  types  presently  in  service.  Sikorsky 
Aircraft  manufactured  helicopters  contribute  approximately  5%  to  the 
total.  Ten  different  types  of  Sikorsky  helicopters  are  presently  in  use. 
The  only  foreign  helicopter  manufacturer  contributing  significantly  to 
the  domestic  civil  helicopter  fleet  is  Aerospatial  of  France,  whose  five 
different  models  constitute  slightly  less  than  4%  ,f  the  total.  Enstron 
Helicopters  and  Hiller  Helicopters  each  constitute  approximately  57.  of 
the  total.  The  remaining  four  manufacturers  account  for  less  than  5%  of 
the  total  civil  helicopter  fleet. 

Pertinent  design  characteristic?  of  each  of  the  civil  helicopter  types 
identified  in  Table  1 are  given  in  Table  2.  These  data  include  maximum 
gross  vehicle  weight  and  detail  characteristics  of  the  engine,  main 
rotor  and  tail  rotor  subsystems.  Engine  data  given  in  Table  2 consists 
of  number,  tyge  (reciprocating  or  turbine),  model  and  manufacturer,  and 
rated  shaft  horsepower.  Rotor  system  (main  and  tail)  data  include  rotor 
type,  number  of  blades,  rotor  diameter,  blade  chc’d  and  airfoil  section, 
and  rotor  speed  (rpm). 

Average  annual  utilization  rates  for  each  of  the  use  categories  of 
Table  1 are  presented  in  Table  3.  These  range  from  a high  of  over 
1200  hours/aircraft/year  in  the  scheduled  carrier  category,  to  a low 
of  359  hourr./ai rcraft/year  for  helicopters  in  private  use. 
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TABLE  I.  CIVIL  HELICOPTER  FLEET  BREAKDOWN 

Vehicle  Fleet  Breakdown  (No.  of  Vehicles) 


TABLE  2.  SUMMARY  OF  CIVIL  HELICOPTER  VEHICLE  PARAMETERS 


TABLE  3.  Cl 

VIL  HELICOPTER  UTILIZATION  RATES 

Category 

Utilization  Rate  - Hrs/Ac/Yr 

Scheduled  Carrier 

1233 

Commercial  Utility 

465 

Heavy  Lift 

871 

Corpora te/Executive 

627 

Government 

632 

Private 

359 
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1980  CIVIL  HELICOPTER  FLEET 


Projections  of  the  domestic  civil  helicopter  fleet  to  the  1 January  1980 
time  frame  have  been  made  using  manufacturers  production  estimates  con- 
tained in  References  10,  12,  13  and  14,  as  well  as  the  general  historical 
trending  data  of  References  3 and  11.  These  projections  consider  additions 
to  the  existing  fleet  due  to  continued  production  of  many  helicopter  types 
already  in  service,  plus  the  introduction  of  several  new  types.  No  con- 
sideration was  given  to  reductions  in  the  number  of  any  existing  type 
both  because  of  the  difficulty  of  estimating  attrition  and/or  replacement 
rates  and  because  of  the  characteristically  unpredictable  nature  of  civil 
helicopter  useful  life.  In  any  case,  it  is  felt  that  such  losses  would 
be  relatively  insignificant  over  the  short  span  of  time  covered  by  the 
projection. 

Table  4 lists  the  types  and  use  category  breakdowns  for  those  helicopter 
types  which  are  expected  to  show  a significant  increase  in  number  by 
1 January  1980.  Vehicle  types  not  shown  in  Table  4 are  not  expected  to 
show  changes,  either  in  total  number  or  use  category  breakdown,  relative 
to  their  1976  values,  which  are  given  in  Table  1.  The  fleet  use  category 
breakdowns  of  Table  4 have  been  established  simply  by  maintaining  con- 
stant ratios  of  the  number  of  each  helicopter  type  in  each  category  to 
the  total  number  of  that  type. 

The  data  of  Table  4 include  additions  due  to  the  introduction  of  three 
new  helicopter  types,  the  Sikorsky  S-76,  Kell  222  and  Augusta  A-109.  While 
several  other  new  vehicle  types  may  be  introduced  into  the  civil  heli- 
copter fleet  by  1 January  1980,  it  is  felt  that  these  will  not  be 
introduced  in  any  substantial  numbers.  Design  characteristics  of  the 
S-76,  Bell  222  and  A-109  are  given  in  Table  5. 

Based  on  the  projections  of  Table  4 the  domestic  civil  helicopter  fleet 
will  grow  from  the  present  (1  January  1976)  4112  vehicles  to  a 1 January 
1980  total  of  6042  vehicles.  This  projection  agrees  very  well  with  the 
historical  trend  of  civil  helicopter  fleet  growth  given  in  Reference  3 
and  presented  in  Figure  1. 


1 2 

"General  Optimism  Among  American  Manufacturers" , Interavia,  January 
1976,  pp  39-43. 

1 3 

"European  Helicopter  Manufacturers  - Pushing  New  Products  and  New 
Technologies",  Interavia,  January  1976,  pp  27-31. 

14 

"The  1976  Helicopter  Association  of  America  Meeting",  Interavia, 
March  1976,  pp  206-210. 
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TABLE  4.  ESTIMATED  CIVIL  HELICOPTER  FLEET  BREAKDOWN, 
PROJECTED  FOR  I JANUARY  1980* 


Vehicle 


Fleet  Breakdown  (No.  of  Vehicles) 


Model 


Personal 

Use 


Exec  Govt  Utility 


Heavy  Sch.  Tc 
Lift  Carrier  | Me 


Alou  III 
Aerospat.  Lama 

Gazelle 


Enstrom 


Sikorsky  S-76 


Augusta  A- 109  I - ^ iu ~ | ' [_J 

* Vehicles  not  shown  will  not  change  substantially  from  1976  breakdown 
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Figure  1.  Historical  Trend  of  Domestic  Civil  Helicopter  Fleet  Size 


As  stated  previously,  no  change  in  relative  usage  category  breakdown  is 
anticipated  over  the  short  span  of  the  projection.  It  is  further  assumed 
that  annual  utilization  rates  will  similarly  not  change,  and  that  the 
1976  utilization  rates  of  Table  3 will  be  equally  applicable  for  the 
1 January  1980  time  frame. 

SELECTION  OF  REPRESENTATIVE  VEHICLE  TYPES  FOR  BASELINE  ANALYSIS 


As  indicated  in  Tables  2 and  5 the  domestic  civil  helicopter  fleet  con- 
sists of  many  diverse  types  of  vehicles.  Because  of  practical  limitations 
in  the  scope  of  the  present  effort  it  was  not  considered  feasible  to 
consider  each  of  these  types  on  an  individual  basis,  in  the  subsequent 
noise  trade-off  analyses.  Consequently,  the  data  of  Tables  2 and  5 were 
reviewed,  in  conjunction  with  the  fleet  breakdown  data  of  Tables  1 and  4, 
and  a small  number  of  representative  vehicle  types  were  selected  for 
further  study.  The  specific  vehicles  chosen  were: 

• Bell  Helicopter  models  47,  205  and  206 

t Hughes  Helicopters  models  300  and  500 

• Sikorsky  Aircraft  models  S-61  and  S-64 

Considerations  involved  in  making  this  selection  included  the  relative 
similarity  of  selected  vehicle  design  characteristics  to  those  of  other 
vehicle  types,  the  relative  number  of  vehicles  of  a given  type  in  service 
and  the  probable  impact  of  the  noise  of  a given  vehicle  on  the  community. 
Specifically,  the  Bell  Model  47  and  206  were  chosen  primarily  because 
these  two  vehicle  types  constitute  over  half  the  domestic  civil  helicopter 
fleet.  Furthermore,  these  two  types  are  very  similar  in  design  to  several 
other  vehicle  types,  such  as  the  Fairchild  FH-1100  and  the  Hiller  Models 
12  and  SL, 

The  Bell  Model  205  was  chosen  primarily  because  it  is  representative  of  a 
medium  gross  weight  transport  helicopter  with  a high  tip  speed,  two  bladed 
main  rotor.  This  type  of  rotor  design  has  a tendency  to  lead  to  high 
rotor  noise  levels,  and  because  of  this  fact  the  probable  impact  of  the 
noise  of  this  vehicle  on  the  community  was  judged  to  be  higher  than  would 
be  expected  based  only  on  the  number  in  service.  The  Hughes  300  and  500 
were  selected  because  they  represent  the  light  single  engine,  multi- 
bladed  rotor  class  of  helicopter.  These  two  vehicles  are  similar  in 
design  to  many  of  the  other  helicopter  types  of  Tables  2 and  5,  such  as 
the  Enstrom  F-28  and  280,  the  Aerospatiale  Alouette  II  and  III,  Lama  and 
Gazelle  and  the  Brantly  B-2. 

Selection  of  the  Sikorsky  S-61  was  predicated  on  the  fact  that  it  is  the 
only  civil  helicopter  presently  used  in  regular  scheduled  passenger 
service.  Because  of  its  use  in  this  area  the  probable  impact  of  its 
noise  on  the  community  was  judged  to  be  very  much  higher  than  the  number 
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in  service  would  indicate.  The  Sikorsky  S-64  was  chosen  because  it  is 
the  largest  civil  helicopter  presently  in  service,  and  will  undoubtedly 
remain  so  well  beyond  the  1980  time  frame. 

The  set  of  helicopter  types  selected  for  study  adequately  represent  the 
general  make-up  of  the  existing  and  projected  civil  helicopter  fleet. 
Vehicle  gross  weights  included  range  from  1900  pounds  to  42000  pounds. 
Both  reciprocating  and  turbine  (single  and  twin)  engine  powered  types 
have  been  included,  with  installed  powers  ranging  from  180  horsepower  to 
over  8000  horsepower.  Furthermore,  all  of  the  established  usage  cate- 
gories are  represented  by  one  or  more  of  the  selected  helicopter  types. 
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ANALYTICAL  METHODS 


The  analytical  methods  developed  and/or  adapted  for  use  in  the  present 
program  fall  into  three  general  categories.  These  are: 

(1 ) Noise  calculation. 

(2)  Vehicle  design  and  performance  calculation. 

(3)  Cost  calculation. 

With  respect  to  noise,  analytical  models  have  either  been  derived  or 
adapted  from  existing  methods,  which  enable  calculation  of  the  rotor 
system,  engine  (turbine  and  reciprocating)  and  transmission  noise 
components.  These  component  models  have  been  incorporated  in  a unified 
vehicle  noise  calculation  method  which  has  the  capability  of  generating 
1/3  octave  sound  pressure  level  spectra,  as  a function  of  time,  at  any 
observer  locatior,  for  any  steady  state  translational  flight  condition*. 
These  calculated  1/3  octave  spectra  are  automatically  converted  to 
effective  perceived  noise  level  (EPNL)  and  instantaneous  A-weighted 
sound  pressure  level  (dBA),  overall  sound  pressure  level  (OASPL),  per- 
ceived noise  level  (PNdB)  and  tone  corrected  perceived  noise  level  (PNLT) 
units.  All  noise  level  calculation  methods  have  been  computerized  in 
FORTRAN  language  for  use  on  the  IBM  36C  system. 

A separate  analytical  method  has  been  developed  to  enable  the  calculation 
of  changes  in  helicopter  design  and  performance  characteristics  which 
result  from  the  application  of  noise  reduction  to  the  various  noise 
producing  vehicle  components.  This  method  considers  this  problem  in  the 
context  of  a predesign  study,  wherein  perturbations  ip  one  or  more  of  the 
basic  vehicle  design  parameters  are  evaluated  in  terms  of  their  effects 
on  the  remaining  design  parameters.  Performance  characteristics  which 
are  included  are  out-of-ground  effect  hover  ceiling,  forward  flight 
range/speed  capability  and  rotor  stall  margin.  Design  parameters  con- 
sidered include  vehicle  gross  weight,  payload,  airframe  component  weight, 
engine  weight,  fuel  load,  installed  power,  cruise  speed  and  engine  fuel 
consumption.  The  method  is  used  by  first  establishing  a baseline  vehicle 
configuration  and  specifying  a mission  performance  requirement.  Next  the 
design  parameter  or  parameters  to  be  changed  are  defined  and  their  values 
assigned.  Given  these  new  design  parameters,  the  remaining  design 
parameters  are  adjusted  so  that  the  prescribed  performance  can  be 
attained.  The  solution  is  obtained  in  an  iterative  fashion  considering 
the  interrelationships  of  the  various  design  and  performance  parameters. 

* The  existing  method  will  not  accurately  predict  hovering  flight  noise 
because  of  inherent  limitations  in  the  rotor  airloads  calculation  method 
which  has  been  used.  This  deficiency  can,  however,  be  overcome  by  using 
a more  involved  airloads  calculation  method  which  considers  variable 
rotor  inflow. 
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The  vehicle  design  and  performance  calculation  method  has  been  computer- 
ized in  the  basic  language  for  use  on  the  Hewlett  Packard  interactive 
(Time  Sharing)  computer  system. 

The  cost  calculation  method  used  in  the  present  program  has  been  developed 
from  historical  helicopter  cost  data,  which  relate  the  three  elements 
of  life  cycle  cost  to  the  various  vehicle  design  parameters.  This  model 
considers  initial  investment  cost  to  be  related  to  vehicle  airframe  weight 
and  installed  engine  weight,  and  indirect  operating  cost  related  to 
vehicle  total  empty  weight.  Direct  operating  cost  is  assumed  to  be  a 
function  of  both  empty  weight  and  installed  engine  power.  The  cost 
calculation  method  permits  calculation  of  both  absolute  vehicle  dollar 
costs  and  percentage  changes  in  costs  relative  to  an  established  base- 
line helicopter  design.  Life  cycle  costs  are  calculated  as  a function 
of  both  annual  usage  rate  and  total  useful  life.  As  for  the  design  and 
performance  calculation  method,  the  cost  calculation  method  has  been 
computerized  for  use  on  the  Hewlett  Packard  computer. 

The  analytical  metho  is  used  in  the  present  program  are  described  in  more 
detail  in  the  following  sections  of  this  report.  These  descriptions  are 
intended  only  to  define  ’n  basic  terms  what  the  analyses  do,  how  they  do 
it,  and  what  are  the  nature  and  extent  of  any  underlying  assumptions  and 
approximations.  Mathematical  derivations  have  not  been  included,  since, 
in  most  cases  this  information  is  contained  in  other  sources  which  are 
referenced.  The  general  technical  bases  of  all  analytical  methods  are, 
however,  briefly  discussed. 


Kl LI  COPTER  NOISE  calculation 


A unified,  computer  oriented  helicopter  vehicle  noise  calculation  method 
was  developed  for  loo  in  the  present  program.  This  method  consists  of 
individual  analytical  models  for  each  of  the  vehicle  component  noise 
sources  including  the  rotor  system,  main  transmission  and  engine(s).  These 
individual  models  are  coupled  through  a control  routine  which  maintains 
consistency  between  the  individual  component  noise  calculations,  and 
combines  the  calculated  component  noise  levels  to  form  the  total  vehicle 
noise  spectra.  The  total  vehicle  noise  spectra  are  then  analyzed  to 
determine  vehicle  i'PIii  , dRA  and  OASPL  characteristics.  A schematic 
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:r  noise  calculation  method  is  shown 


The  rotor  system  noise  calculation  method  requires  detailed  information 
regarding  the  airload  distributions  of  the  various  rotors  which  comprise 
the  system.  These  data  are  obtained  through  the  use  of  rotor  performance 
calculation  methods.  The  main,  or  lifting,  rotor  airload  distribution  is 
generated  with  a vehicle  trim  program  (IT  trim)..  Input  information 
consists  of  detailed  vehicle  (fuselage  and  rotor)  design  characteristics 
and  definition  of  the  desired  flight  condition.  The  trim  program  solves 
the  force  and  moment  equilibrium  equations  for  this  desired  flight  con- 
dition and  calculates  the  resulting  main  rotor  airload  distribution. 
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f CALL  \ 
UBROUTINET 
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CALC:  TRANSMISSION 
NOISE 
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CALC:  EPNdB 

PRINT: 
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H 

Figure  2.  Helicopter  Noise  Calculation  Method 
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Also  calculated  are  the  integrated  rotor  forces,  rotor  power  required, 
tail  rotor  thrust  required  and  the  spatial  attitudes  of  the  rotor  and 
fuselage.  Calculated  rotor  airload  data  are  permanently  stored  within 
the  computer,  along  with  other  pertinent,  trim  program  output  data,  and 
this  data  set  is  assigned  a storage  location  identifying  title. 

A similar  procedure  is  used  to  obtain  the  auxiliary  (tail)  rotor  airload 
distribution  data  needed  for  trie  rotor  system  noise  calculation.  In  this 
case,  however,  an  isolated  rotor  performance  calculation  method  is  used 
since  vehicle  trim  is  not  required.  Input  data  for  this  program  include 
details  of  the  auxiliary  rotor  design  and  aerodynamic  characteristics  and 
definition  of  the  desired  thrust  and  flight  condition.  Rotor  thrust  used 
is  that  calculated  by  the  main  rotor  trim  program.  The  isolated  rotor 
performance  program  calculates  rotor  airload  distribution  and  power  re- 
quired as  well  as  rotor  spatial  attitude.  Program  output  information 
required  for  the  rotor  system  noise  calculation  ■> s permanently  stored 
within  the  computer  along  with  a storage  location  identifying  title. 

The  rotor  system  component  of  total  vehicle  noise  is  calculated  using  an 
analytical  method  developed  by  the  Research  and  Applied  Sciences  in 
Aeronautics  Division  of  Systems  Research  Laboratories,  In;.  This  method, 
which  was  developed  under  the  direction  of  Fustis  Directorate,  U.  S.  Army 
Air  Mobility  Research  and  Development  laboratory , is  fully  described  in 
Reference  15. 

Input  information  required  to  apply  this  method  include  airload  distribu- 
tions, aerodynamic  char  actoris tier.,  geometry  and  spatial  attitudes  of  each 
rotor  in  the  system,  vehicle  geometry,  spatial  attitude,  initial 
location,  and  flight  condition,  and  Observer  location.  Given  this 
information,  rotor  system  noise  at  tr.e  observer  location  is  calculated 
in  terms  of  a sound  pressure  time  history,  with  instantaneous  sound 
pressures  calculated  for  any  specified  time  increment  and  total  flight 
time. 


Within  the  present  program  tne  rotor  system  noise  calculation  method  is 
used  in  the  following  manner,  first  the  characteristics  of  the  vehicle- 
under  study  are  defined  in  terms  of  the  identifying  titles  for  vehicle/ 
main  rotor  and  tail  rotor  data  sets  previously  stored  in  the  computer. 
Also  defined  are  the  observer  location,  initial  vehicle  location,  total 
flight  time  and  time  increment  of  the  desired  sound  pressure  time 
history.  Given  this  input  information,  the  program  retrieves  the  stored 
rotor  airload  data,  performs  the  necessary  calculations  and  generates  a 
rotor  system  some;  pressure  time  history.  This  tire  history  is  chan 
converted  to  a sec  (if  constant  bandwidth  sour, a pressure  level  spectra, 
using  a fast  Fourier  Transform  routine.  These  spectra  are  digitally 

Tc 

Johnson,  h.  K.  and  Vi.  M.  Kat "Investigation  of  the  Vortex  Noise 

Produced  by  a Helicopter  Rotor",  UGAAMRDL.  TR  72-2 , February  1972. 
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filtered,  using  a 1/3  octave  filter  representation,  and  thereby  converted 
to  a set  of  1/3  octave  bandwidth  sound  pressure  level  spectra.  Each  of 
these  1/3  octave  spectra  corresponds  to  an  instantaneous  vehicle  location. 
This  set  of  spectra,  along  with  the  instantaneous  vehicle  locations  cor- 
responding to  each  individual  spectrum  and  the  observer  location,  are 
permanently  stored  within  the  computer. 

Separate  analytical  models  have  been  developed  for  the  calculation  of 
reciprocating  and  shaft  turbine  engine  noise  components.  These  engine 
noise  calculation  methods  generate  1/3  octave  sound  power  levels  in  terms 
of  the  total  engine  spectrum  and  the  spectra  of  the  various  constituent 
engine  noise  sources.  Two  constituent  noise  sources,  the  engine  casing 
and  exhaust,  are  included  in  the  reciprocating  engine  noise  model.  The 
shaft  turbine  engine  noise  model  is  considerably  more  complex  in  that  it 
considers  four  constituent  noise  sources..  These  are  forward  arid  aft 
radiated  compressor  noise,  combustion  noise  and  jet  noise. 

Both  engine  noise  calculation  methods  require  as  input  definition  of 
engine  design  characteristics  and  operating  conditions.  Given  these 
inputs,  the  reciprocating  engine  model  calculates  the  constituent  noise 
source  sound  power  level  spectra  and  sums  these  to  produce  the  total 
engine  sound  power  level  spectrum,  which  is  then  identified  and  permanently 
stored  within  the  computer.  The  shaft  turbine  model  similarly  calculates 
the  constituent  noise  source  sound  power  level  spectra,  but  in  this  case 
these  spectra  are  not  summed  but  are  identified  and  stored  separately. 
Retention  of  the  constituent  source  spectra  is  required  so  that  direc- 
tivity corrections  which  are  different  for  each  constituent  source  can 
be  apolied  at  a later  stage  in  the  total  vehicle  noise  calculation  pro- 
gram. These  corrections  are  not  applied  at  this  stage  so  that  the  same 
basic  engine  noise  data  can  be  used  for  any  vehicle/observer  orientation. 
This  is  not  required  for  the  reciprocating  engine  noise,  since  its  con- 
stituent sources  are  assumed  to  be  non-di rectional . 

Helicopter  transmission  noise  is  calculated  using  a simplified  analytical 
method  derived  from  a more  involved  analytical  technique,  described  in 
References  16  and  17,  developed  under  Eustis  Directorate,  U.  S.  Army  Air 
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Mobility  Research  and  Development  Laboratory  sponsorship. 18  The  calcula- 
tion method  used  generates  a 1/3  octave  sound  power  level  spectrum  for  the 
main  transmission,  considering  each  gear  mesh  as  a noise  source.  Enclo- 
sure of  the  main  transmission  within  the  helicopter  fuselage  is  also 
considered,  with  source  sound  power  levels  reduced  by  an  amount  consistent 
with  the  nature  and  extent  of  transmission  shielding,  if  any.  As  for  the 
previously  discussed  noise  source  spectra,  the  calculated  transmission 
sound  power  level  spectrum  is  stored  within  the  computer  and  identified 
for  later  retrieval . 

The  total  helicopter  vehicle  noise  characteri sti cs  are  calculated  by 
retrieving  the  previously  stored  component  noise  source  spectra  and 
combining  them  in  a manner  appropriate  to  the  particular  vehicle  flight 
condition  and  observer  orientation  under  study.  A control  routine  is 
used  to  perform  this  operation.  Input  information  required  by  the 
control  routine  consists  only  of  the  identifying  titles  for  each  of  the 
component  noise  source  data  sets  which  are  to  be  combined.  Given  this 
information,  the  rotor  system  noise  data  set  is  first  retrieved.  This 
data  set  consists  of  a matri  ^ 1/3  octave  sound  pressure  level  spectra. 
Also  included  in  this  data  s-..  re  the  fixed  observer  location  coordinates 
and  the  instantaneous  vehicle  location  coordinates  which  correspond  to  each 
rotor  system  noise  spectrum. 

The  vehicle  and  observer  location  coordinates  are  used  to  determine 
vehicle/observer  slant  ranges  and  angular  orientations  pertinent  to  each 
available  rotor  system  noise  spectrum.  The  slant  * 'Cine  data  derived  in 
this  manner  are  then  used  to  calculate  a set  of  1/3  octave  band  attenua- 
tion curves  which  reflect  the  transmission  loss  between  the  vehicle  and 
observer.  Included  in  this  calculation  are  losses  due  to  spherical 
spreading,  atmospheric  attenuation  and  turbulence  induced  scattering. 

These  attenuation  data  are  needed  to  convert  the  calculated  engine  and 
transmission  sound  power  levels  to  sound  pressure  at  the  observer  loca- 
tions. They  are  not  needed  for  conversion  of  the  rotor  system  component 
noise,  since  rotor  system  noise  is  calculated  directly  in  terms  of  sound 
pressure  level  at  the  observer.  The  vehicle/observer  angular  orientation 
data  are  used  to  generate  1/3  octave  band  directivity  corrections  for 
each  constituent  turbine  engine  noise  source. 

Next,  the  engine  and  main  transmission  sound  power  level  spectra  are 
retrieved.  These  are  converted  into  1/3  octave  band  sound  pressure 
level  spectra,  at  the  observer  location,  using  the  previously  derived 
attenuation  data  and,  where  applicable,  turbine  engine  source  directivity 
corrections.  The  engine  and  transmission  sound  pressure  level  spectra 
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derived  in  this  manner  are  coherent  with  the  prev  ously  available  rotor 
system  spectra,  and  each  represents  the  contribut  on  of  that  component 
noise  source  to  the  total  vehicle  noise  at  a givei,  nstant  in  time.  These 
component  contributions  are  then  summed,  on  the  basis  of  power*,  at  each 
instant  of  time  for  which  component  noise  spectra  are  available.  This 
results  in  a set  of  total  vehicle  noise  spectra,  each  of  which  corres- 
ponds to  the  noise  received  at  the  observer  location  at  some  point  in 
time  during  a simulated  vehicle  flight. 

The  1/3  octave  band  sound  pressure  level  spectra  generated  in  the  above 
manner  are  further  analyzed  in  terms  of  selected  subjective  noise  rating 
criteria.  Each  instantaneous  spectrum  is  evaluated  with  regard  to  over- 
all sound  pressure  level,  A-weighted  sound  pressure  level,  perceived 
noise  level  and  tone  corrected  perceived  noise  level.  The  instantaneous 
tone  corrected  perceived  noise  levels  are  further  analyzed,  and  the 
effective  perceived  noise  level  corresponding  to  the  total  subjective 
impact  of  the  simulated  flight  is  calculated. 

The  total  helicopter  vehicle  noise  calculation  method  developed  in  the 
present  program  provides  the  means  for  analytically  determining  the 
effects  of  physical  changes  in  the  individual  component  noise  sources 
within  the  context  of  the  total  vehicle.  The  validity  of  these  calcula- 
ted effects  will,  of  course,  be  directly  related  to  the  accuracy  of  the 
noise  levels  calculated  with  the  individual  component  noise  source 
models.  The  technical  basis  for  each  of  these  models  is  discussed  in 
the  following  paragraphs.  Included  in  these  discussions  are  comparisons 
of  analytically  predicted  and  measured  component  noise  levels. 

ROTOR  SYSTEM  NOISE  CALCULATION 


The  analytical  method  used  to  calculate  the  rotor  system  component  of 
helicopter  noise  is  fully  discussed  in  Reference  15.  This  method  equates 
the  helicopter  rotor  to  a set  of  elemental  acoustic  dipole  sources,  which 
are  distributed  over  the  span  of  each  rotor  blade.  Each  elemental  source 
causes  a time  variant  incremental  change  in  local  atmospheric  pressure, 
which  propagates  from  the  source  location  at  the  speed  of  sound.  The 
combination  of  incremental  pressures  due  to  all  of  the  elemental  sources 
represents  the  total  time  variant  incremental  pressure  due  to  the  rotor, 
and  this  fluctuating  pressure  is  perceived  as  rotor  noise. 

Fundamentally,  the  elemental  acoustic  dipole  noise  sources  are  due  to 
the  aerodynamic  forces  induced  by  the  rotor  blade.  At  any  instant  in 
time,  the  incremental  pressure  due  to  one  elemental  noise  source  is 
given  by: 


* The  sum  of  two  noise  sources  of  equal  sound  pressure  is  three  decibels 
higher  than  either  individual  source. 
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Those  terms  in  Equation  (1)  which  are  multiplied  by  the  factor  1/R  are 
referred  to  as  near  field  terms,  and  their  contribution  to  the  incremental 
pressure  (P)  decreases  rapidly  with  increasing  source/observer  separation. 
Neglecting  these  terms  leaves  an  expression  for  far  field  radiation  which 
is: 
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where:  P^  - incremental  pressure  at  significant  distance  from  the 
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In  Equation  (2),  Pp  is  the  sound  pressure  produced  by  one  elemental  rotor 
noise  source,  at  an  observer  location  a distance  R from  the  source. 
Analysis  of  Equation  (2)  reveals  the  significance  of  the  source  variables 
on  the  resulting  sound  pressure. 

Neglecting  the  constants  (4ttC)  and  the  observed  source  separation  (R) 
only  four  source  variables  effect  the  magnitude  of  induced  sound  pressure. 
These  are  the  magnitude  and  time  rate  of  change  of  the  components  of 
aerodynamic  force  and  source  Mach  No.  in  the  direction  of  the  observer. 
Generally,  increases  in  any  of  these  variables  will  increase  the  resulting 
sound  pressure.  More  specifically,  the  following  conclusions  can  be  drawn 
from  Equation  (2): 

• Both  steady  and  time  variant  aerodynamic  forces  may  generate 
sound. 

• Steady  aerodynamic  forces  will  generate  sound  only  if  they  are 
in  motion,  and  only  if  either  the  direction  or  magnitude  of 
that  motion  varies  with  time,  relative  to  the  point  where  the 
sound  is  observed. 

a Non-steady  aerodynamic  forces  may  generate  sound  even  if  they 
are  not  in  motion. 

• In  order  for  an  aerodynamic  force  to  radiate  sound  to  a given 
observer  this  force  must  have  either  a non-zero  component  in 
the  direction  of  the  observer,  or  a non-zero  time  rate  of 
change  in  magnitude  in  the  observer  direction. 

As  mentioned  previously,  the  rotor  system  noise  calculation  method  used 
in  the  present  program  considers  a number  of  elemental  noise  sources 
distributed  over  the  span  of  each  rotor  blade.  This  method  uses  Equation 
(1)  to  calculate  the  sound  pressure  due  to  each  of  these  elemental 
sources.  The  combination  of  these  elemental  contributions  takes  into 
account  the  retarded  time  effects  associated  with  the  fact  that  the 
individual  sources  are  spatially  distributed  over  an  extended  area  equal 
to  the  rotor  disk  area.  Because  of  this  fact,  the  distances  between  the 
various  elemental  sources  and  the  observer  location  are  different,  and 
the  time  required  for  the  incremental  pressures  to  propagate  from  these 
sources  to  the  observer  location  are  not  equal.  Therefore,  incremental 
pressures  generated  at  the  element  sources  at  the  same  instant  in  time 
reach  the  observer  at  differing  times.  The  present  analysis  accounts 
for  this  effect  by  determining  appropriate  source  locations  for  a given 
unique  observer  time,  and  using  values  for  the  required  aerodynamic 
force  and  Mach  No.  variables  of  Equation  (1)  specific  to  these  source 
locations. 
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The  problem  of  retarded  time  effects  is  further  compounded  in  the 
present  analytical  method,  because  this  method  accounts  for  multiple 
source  to  observer  transmission  paths  due  to  ground  reflection.  This 
adds  considerable  complexity  to  Ine  problem,  since  with  this  consideration, 
the  same  elemental  sou's. e will  contribute  two  incremental  pressures  to 
the  instantaneously  observed  total  sound  pressure,  and  these  will  have 
been  generated  at  two  differing  (retarded)  times  and  from  two  different 
spatial  cooramat.es.  Nonetheless,  the  problem  is  tractable,  given  the 
appropriate  geometrical  data,  and  is  handled  by  the  present  analytical 
method. 

The  use  of  Equation  (1)  arid  Equation  (2)  to  calculate  rotor  sound  pressure 
requires  knowledge  of  rotor  induced  aerodynamic  forces  and  blade  motions. 
The  present  analysis  assumes  aerodynamic  forces  of  two  basic  types.  The 
first  type  includes  all  forces  developed  by  the  blade  section  in  the 
generation  of  rotor  lift  and  drag.  Tnese  distributed  lift  and  drag  forces 
may  be  either  steady  or  periodically  variant  at  a rate  proportional  to 
the  rotor  rotation  rate,  arid  they  are  responsible  for  the  discrete  fre- 
quency components  which  appear  in  the  rotor  noise  spectrum. 

The  second  type  of  aerodynamic  force  considered  in  the  present  analytical 
method  is  the  force  induced  on  the  blade  section  duo  to  the  shedding  of 
vortices.  These  vortices  are  shod  at  a rote  which  is  related  to  local 
blade  section  geometry  and  flow  conditions,  and  which  is  not  related  to 
the  rotor  rotation  rate.  The  forces  induced  by  vortex  shedding  are, 
therefore,  periodic  with  regard  to  local  conditions  whicn  are  different 
at  each  blade  spanwise  station,  and  which  also  vary  with  time  as  the 
blade  travels  about  the  azimuth.  Because  of  the  variation  in  force 
periodicity  with  time  and  spanwise  location,  the  vortex  shedding  induced 
forces  do  not  contribute  discrete  frequency  components  to  the  rotor  noise 
spectrum,  but  are  responsible  for  the  broad  band  content  of  rotor  noise 
generally  referred  to  as  vortex  noise. 

The  present  analysis  calculates  the  required  aerodynamic  forces,  as  well 
as  blade  motions,  based  on  data  generated  using  separate  rotor  performance 
calculation  methods.  Trie  rotor  performance  calculation  methods  used  are 
discussed  in  the  following  section  of  this  report.  These  methods  cal- 
culate the  spanwise  and  azimuthal  distributions  of  rotor  blade  angle  of 
attack,  blade  resultant  velocity  arid  induced  inflow,  as  well  as  ail 
required  information  perttsinir^j  tx*  vehicle  eed  rotor  motions  snd 
attitudes.  This  •information  is  used,  in  conjunction  with  known  blade 
airfoil  characteristics,  to  calculate  the  rotor  rotation  rate  related 
l ift  arid  drag  force  distributions,  and  the  components  of  rotor  noise 
due  to  these  forces.  The  vortex  shedding  induced  aerodynamic  force 
distributions  are  estobl ished,  using  the  same  input  information,  based 
on  on  empirically  derived  equation  which  relates  the  vortex  shedding 
induced  force  at  any  blade  station  to  the  local  angle  of  attack  and 
Mach  number.  The  equation  u »’H  is: 


(3) 


Fy  = 2(1  - M) ( 1 + (a/4 n 


where:  Fy  = vortex  shedding  induced  aerodynamic  force 

M = local  Mach  No. 
a = local  angle  of  attack 


This  equation  is  valid  for  local  Mach  numbers  less  than  one,  and  local 
angles  of  attack  below  the  stall  angle. 

The  preceding  discussion  of  the  rotor  system  noise  calculation  method  is 
intended  only  to  briefly  summarize  the  analytical  basis  for  this  method. 

As  stated  previously,  a more  thorough  description  of  this  method  is 
contained  in  Reference  15.  Additional  information  pertaining  to  this 
method  is  given  in  References  19  and  20,  which  also  present  comparisons 
of  calculated  rotor  system  noise  levels  with  measured  data.  Selection 
of  this  method  for  use  in  the  present  program  was  predicated  on  the 
following  features,  which  are  not  available  in  other  existing  rotor  noise 
calculation  techniques: 

(1)  Representation  of  broad  band  rotor  noise  as  due  to  vortex 
shedding  induced  aerodynamic  force  components,  which  removes 
the  requirement  to  calculate  higher  harmonic  periodic  lift 
and  drag  force  distributions. 

(2)  The  capability  of  simultaneously  considering  the  noise 
contributions  of  more  than  one  rotor  in  a multiple  rotor 
system,  which  inherently  includes  the  effects  of  acoustic 
interactions  between  main  and  tail  or  tandem  rotors. 

(3)  Consideration  of  ground  reflection  effects. 

Within  the  present  program,  the  rotor  system  noise  calculation  method  was 
applied  in  the  following  manner.  Ten  spanwise  distributed  elemental  noise 
sources  were  defined  for  each  blade,  for  each  rotor  studied.  Aerodynamic 
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characteristics,  in  terms  of  local  angle  of  attack,  resultant  velocity  and 
inflow  angle,  were  calculated  for  each  elemental  source  (blade  station) 
for  twelve  azimuth  angles.  Based  on  these  input  data,  rotor  noise  was 
calculated  in  terms  of  a finite  duration  sound  pressure  time  history  for 
several  time  intervals  within  a total  simulated  flight  duration.  Pressure 
time  histories  of  .1  second  duration  were  determined  at  time  intervals  of 
one  second.  Within  each  time  history,  instantaneous  sound  pressures  were 
calculated  at  increments  of  .00039  seconds,  resulting  in  256  instantaneous 
sound  pressures  for  each  time  history.  The  discontinuous,  but  highly 
detailed,  sound  pressure  time  histories  developed  in  this  manner  were 
assumed  tc.  be  representative  of  the  instantaneous  sound  pressure  at  each 
one  second  time  interval.  These  time  histories  were  Fourier  analyzed,  using 
a Fast  Fourier  Technique,  to  establish  10  Hz  constant  bandwidth  frequency 
spectra  for  each  interval.  Sufficient  incremental  data  was  available  to 
construct  spectra  covering  the  frequency  range  of  10  Hz  t.o  lKHz.  These 
constant  bandwidth  spectra  were  converted  to  1/3  octave  band  spectra  using 
a digital  representation  of  the  1/3  octave  filter  characteristic.  Rotor 
noise  spectra  covering  the  range  of  1/3  octave  band  center  frequencies  of 
50  Hz  to  1 KHz , were  derived  in  this  manner,  at  one  second  intervals,  for 
a simulated  flight  duration  of,  typically,  30  seconds.  This  resulted  in 
30  1/3  octave  band  rotor  noise  spectra  per  simulated  flight. 

Generation  and  processing  of  the  analytically  calculated  rotor  noise  data 
in  the  preceding  manner  imposes  definite  limitations  on  the  resulting 
rotor  noise  spectra.  First,  and  most  importantly,  only  sufficient  time 
history  data  is  generated  to  produce  1/3  octave  spectra  up  to  lKHz,  while 
in  actuality  the  rotor  will  generate  noise  over  the  entire  audible  fre- 
quency range.  This  limitation  was  imposed  in  order  to  maintain  a reason- 
able machine  computation  time  and  its  validity  is  predicated  on  the 
assumption  that  vehicle  noise  sources  other  than  the  rotor  system  will 
dominate  above  lKHz.  While  this  assumption  cannot  be  verified  through 
available  test  data,  analytical  calculations  made  in  the  present  program 
do  tend  to  support  its  validity.  These  efforts  are  discussed  in  a sub- 
sequent section  of  this  report. 

The  second  limitation  in  these  data  relates  to  the  fact  that  spectra  are 
generated  discontinuously , at  discrete  points  in  time.  Using  these 
spectra  it  is  not  really  possible  to  determine  the  value  of  peak  noise 
levels  occurring  during  the  simulated  flight,  nor  the  time  when  the  peak 
occurs.  This  limitation,  however,  is  felt  to  be  of  minor  importance  both 
because  of  the  relatively  short,  one  second,  time  interval  used  and  be- 
cause the  generated  data  are  to  be  used  for  comparative  purposes  only,  to 
evaluate  changes  in  noise  level  caused  by  changes  in  vehicle  component 
design.  As  for  trie  limitation  on  frequency  range,  this  limitation  was 
imposed  in  order  to  minimize-  machine  computation  time. 


CORRELATION  OF  ROTOR  SYSTEM  NOISE  CALCULATIONS 


Extensive  measured  helicopter  noise  levels  are  available,  in  References 
21  and  22.  These  measurements  were  made  using  standard  and  modified 
versions  of  the  Hughes/Army  model  0H-6A  and  Sikorsky/Navy  model  SH-3A 
helicopters.  These  vehicles  are  military  versions  of  the  Hughes  Model 
500  and  Sikorsky  Model  S-61  civil  helicopters,  which  are  among  the 
vehicles  under  study  in  the  present  program.  For  this  reason,  the  data 
of  References  21  and  22  were  used  to  determine  the  degree  of  correlation 
obtained  with  the  rotor  system  noise  calculation  method.  To  provide 
comparative  analytical  data,  calculations  of  the  rotor  system  noise  com- 
ponents for  these  two  vehicles  were  made,  for  vehicle  configurations, 
flight  conditions  and  observer  (measurement)  locations  as  nearly  as 
possible  identical  to  those  tested*. 

Figure  3 shows  the  comparisons  of  calculated  rotor  noise  with  the  measured 
S-61  vehicle  noise  levels  taken  from  Table  9 of  Reference  22.  Both 
measured  and  calculated  data  refer  to  steady  level  flight  at  200  feet 
altitude  and  120  knots  airspeed.  Vehicle  gross  weight  is  15576  pounds. 
Figure  3A  relates  to  an  observer  directly  below  the  aircraft  flight  path, 
while  Figures  3B  and  3C  are  for  an  observer  500  feet  to  the  port  and 
starboard  sides,  respectively.  The  tail  rotor  of  the  S-61  is  on  the  port 
side  of  the  aircraft. 

The  measured  and  calculated  S-61  noise  spectra  presented  in  Figure  3 
show  reasonable  agreement  over  most  of  the  frequency  range  where  rotor 
system  noise  can  be  expected  to  be  dominant  in  the  vehicle  spectrum. 

Above  500  Hz,  other  vehicle  noise  sources,  primarily  the  engine(s), 
contribute  significantly,  and  this  is  believed  to  be  the  reason  why  the 
measured  spectra  of  Figure  3 tend  to  exceed  the  calculated  spectra  in 
this  frequency  range.  Furthermore,  the  trends  of  noise  level  with  fre- 
quency shown  in  Figure  3 tend  to  validate  the  assumption,  discussed 
previously,  that  the  contribution  of  rotor  system  noise  can  be  neglected 
above  lKHz.  Lack  of  good  correlation  in  the  low  frequency  range,  below 
100  Hz,  which  is  indicated  in  Figures  3A  and  3B,  is  not  readily  explain- 
able, but  this  is  not  considered  to  be  a significant  problem  within  the 

* Insufficient  data  is  given  in  References  21  and  22  to  establish  actual 
vehicle  trim  conditions  flown.  Noise  calculations  were  made  on  the 
basis  of  a normal  trim  condition,  with  a nominal  a/c  center  of  gravity. 


21 

Henderson,  H.  R. , R.  J.  Pegg  and  D.  A.  Hilton,  "Results  of  the  Noise 
Measurement  Program  on  a Standard  and  Modified  0H-6A  Helicopter", 

NASA  TN  D-7216,  September  1973. 

2? 

Pegg,  R.  J. , H.  R.  Henderson  and  D.  A.  Hilton,  "Results  of  the  Flight 
Noise  Measurement  Program  Using  a Standard  and  Modified  SH-3A  Heli- 
copter", NASA  TN  D-7330,  December  1973, 
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present  program,  since  noise  in  this  frequency  range  does  not  materially 
contribute  to  any  of  the  subjective  noise  criteria  used  in  the  present 
study. 

Comparisons  of  measured  and  calculated  H-500  noise  spectra  are  shown  in 
Figure  4.  These  data  relate  to  a steady  level  flight  condition  of  100 
knots  airspeed  at  100  foot  altitude,  wUh  a vehicle  gross  weight  of  2407 
pounds.  Figure  4A  refers  to  an  observer  (measurement)  location  directly 
below  the  aircraft  flight  path,  while  Figures  4B  and  4C  are  for  observer- 
locations  500  feet  to  the  port  and  starboard  sides,  respectively.  The 
H-500  tail  rotor  is  also  located  on  the  port  side  of  the  aircraft. 

The  degree  of  correlation  in  the  fly-over  spectra  of  Figure  4A  is  similar 
to  that  shown  previously  for  the  S-61 . Correlation  of  fly-by  noise 
spectra,  shown  in  Figures  4B  and  4C  is,  however,  substantial  ly  worse 
than  that  shown  previously.  This  lack  of  good  correlation  is  believed 
to  be  due  to  an  inherent  limitation  in  the  analytical  noise  calculation 
method,  which  does  not  permit  valid  noise  estimation  for  observer  loca- 
tions which  are  very  nearly  exactly  in-plane  of  the  rotor. 

While  some  disagreement  exists  with  regard  to  the  exact  characteristics 
of  rotor  noise  directionality,  the  existence  of  a well  defined  minimum 
near  the  rotor  plane  is  universally  accepted.  This  minimum  can  be  very 
sharp  with  large  changes  in  noise  for  small  changes  in  observer  orienta- 
tion about  the  rotor  plane.  The  present  analysis  method  treats  this 
directionality  characteristic  in  an  exact  manner,  as  do  most,  if  not  all 
other  analytical  rotor  noise  calculation  methods.  In  reality,  however, 
the  theoretical  directionality  of  the  rotor  is  obscured  somewhat  due  to 
acoustic  refraction.  Rotor  noise  directionality  is  also  somewhat 
difficult  to  interpret  from  measured  data,  because  the  orientation  of 
the  rotor  disk  is  not  absolutely  fixed  in  flight,  but  experiences 
perturbations  due  to  gust  loading  and  snail  control  input  changes.  These 
factors  make  correlation  of  measured  and  analytically  calculated  noise 
difficult  to  obtain,  for  measurement  points  which  are  close  to  the  plane 
of  the  rotor.  The  observer  locations  shown  in  Figures  4B  and  4C  are 
less  than  12  degrees  from  the  rotor  disk,  and  this  is  believed  to  be 
the  reason  why  poor  correlation  is  shown  in  these  figures. 

This  is  not  felt  to  be  a serious  problem  within  the  context  of  the 
present  program,  since  the  sideline  observation  points  which  are  used 
are  approximately  30  degrees  from  the  rotor  plane. 
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ROTOR  PERFORMANCE  AND  AIRLOAD  CALCULATION 


The  rotor  aerodynamic  data  required  for  the  rotor  system  noise  calculation 
method  were  generated  using  analysis  techniques  developed  from  the  funda- 
mental work  of  Reference  23.  The  specific  methods  used  in  the  present 
program  were  adapted  from  existing  techniques,  which  have  been  in  use  at 
Kaman  Aerospace  Corporation  for  a number  of  years.  While  several  distinct 
computerized  methods  have  been  used,  these  methods  all  have  the  same 
technical  foundations,  which  will  be  reviewed  in  general  terms  only.  A 
more  thorough  review  of  these  methods  is  presented  in  Reference  24. 

The  rotor  system  noise  calculation  method  discussed  in  the  previous 
section  requires,  as  input  data,  spanwise  and  azimuthal  distributions 
of  rotor  blade  local  angle  of  attack,  resultant  velocity  and  inflow 
angle,  for  each  rotor  in  the  system.  Also  required  as  inputs  are  the 
blade  motions,  in  terms  of  the  azimuthal  distributions  of  blade  flapping 
angle  and  flapping  velocity,  and  the  rotor  spatial  orientation.  In  the 
present  program  these  data  are  generated  in  two  steps,  the  first  dealing 
with  the  main  (lifting)  rotor  and  fuselage  combination,  the  second  dealing 
with  the  auxiliary  (tail)  rotor. 

Main  rotor  aerodynamic  data  are  calculated  using  a vehicle  trim  analysis, 
which  establishes  force  and  moment  equilibrium  between  the  main  rotor  and 
fuselage.  This  analysis  considers  the  tail  rotor  only  to  the  extent  that 
the  tail  rotor  thrust  required  to  balance  main  rotor  torque  (and  any 
fuselage  induced  lateral  forces)  is  calculated.  The  forces  and  moments 
considered  are  shown  in  Figure  5. 

Input  data  required  for  the  vehicle  trim  analysis  includes  all  fuselage 
and  main  rotor  geometric,  aerodynamic,  mass,  and  inertial  characteristics. 
Given  these  data,  forces  and  moments  due  to  the  fuselage  are  balanced  by 
rotor  induced  forces  and  moments  based  on  a prescribed  steady  flight  con- 
dition. First,  the  rotor  is  placed  in  flapping  and  feathering  equilibrium 
for  an  initially  estimated  blade  collective  pitch  setting.  Only  rigid 
body  flapping  is  considered,  and  for  the  present  program,  a uniform  in- 
flow distribution  is  assumed.  Once  rotor  equilibrium  is  established, 
rotor  airloads  are  calculated  and  integrated  to  determine  the  net  forces 
and  moments  generated  by  the  rotor. 

The  forces  and  moments  generated  by  the  fuselage  are  calculated  based  on 
the  given  flight  condition,  fuselage  characteristics  and  an  assumed 

23 

Gessow,  A.  and  A.  D.  Crim,  "A  Method  for  Studying  the  Transient  Blade- 
Flapping  Behavior  of  Lifting  Rotors  at  Extreme  Operating  Conditions", 
NACA  TN  3366,  January  1955. 

24 

Lemnios,  A.  Z.  and  N.  Giansante,  "The  Dynamic  Behavior  of  Rotor  Entry 
Vehicle  Configurations,  Volume  I - Equation  of  Motion",  NASA  CR- 73390 , 
February  1969. 
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Figure  5.  Helicopter  Trim  Forces  and  Moments 


initial  value  of  fuselage  attitude.  The  net  forces  and  moments  due  to 
the  fuselage  are  then  compared  to  the  forces  and  moments  generated  by 
the  rotor.  Based  on  this  comparison,  rotor  control  inputs  and  fuselage 
attitude  are  changed  from  their  initial  values  until  rotor  and  fuselage 
forces  and  moments  are  put  in  equilibrium.  The  rotor  aerodynamic  dis- 
tributions required  for  the  rotor  system  noise  analysis  are  calculated 
based  on  this  trimmed  flight  condition  and  stored  for  later  retrieval 
by  the  rotor  noise  program. 

The  main  rotor/vehicle  trim  analysis  also  calculates  main  rotor  torque 
and  power  required,  as  well  as  tail  rotor  thrust  required.  The  former 
data  is  used  to  perform  engine  and  transmission  noise  analyses,  while 
tail  rotor  thrust  required  is  used  to  calculate  tail  rotor  performance 
and  airload  distributions.  These  required  tail  rotor  aerodynamic 
characteristics  are  generated  using  an  analytical  method  which  is 
similar  to  that  used  to  obtain  main  rotor/vehicle  trim.  In  this  case, 
however,  tail  rotor  generated  thrust  is  made  equal  to  required  tail  rotor 
thrust  for  an  assumed  zero  rotor  angle  of  attack,  and  the  data  needed  for 
the  rotor  noise  analysis  is  calculated  based  on  this  equilibrium  rotor 
confi guration. 

The  rotor  performance  and  airloads  calculation  methods  used  in  the  present 
program  provide  a reasonably  precise  estimate  of  rotor  angle  of  attack, 
resultant  velocity  and  inflow  angle  distributions.  The  degree  to  which 
these  calculations  reflect  the  real  life  situation  is,  however,  somewhat 
limited  by  the  basic  assumptions  of  the  analysis.  Since  only  rigid  body 
blade  motions  are  assumed,  the  higher  harmonic  motions  and  airloads  are 
not  calculated.  This  is  not  considered  a serious  drawback,  however, 
because  the  rotor  noise  analysis  calculates  high  frequency  rotor  noise  as 
due  to  vortex  shedding  effects,  and  not  higher  harmonic  airloads.  The 
assumption  of  uniform  rotor  inflow,  on  the  other  hand,  may  be  a major 
shortcoming,  particularly  with  regard  to  the  calculation  of  tail  rotor 
aerodynamics.  The  assumption  of  uniform  inflow  is  predicated  on  un- 
disturbed flow  conditions,  both  ahead  of  and  behind  the  rotor.  For  the 
tail  rotor  the  presence  of  the  tail  fin  disturbs  the  flow  through  the 
rotor  and,  more  importantly,  tail  rotor  flow  is  affected  by  the  main 
rotor  wake  and,  usually,  the  engine  exhaust.  These  factors  tend  to  bring 
into  question  the  assumption  of  uniform  tail  rotor  inflow,  and  may  cause 
errors  in  noise  levels  calculated  using  aerodynamic  characteristics  based 
on  this  assumption.  Unfortunately,  however,  the  actual  conditions  of 
tail  rotor  flow  are  not  well  understood  and  analytical  methods  for  modeling 
these  conditions  are  beyond  the  present  state  of  the  art.  Furthermore, 
the  assumption  of  uniform  rotor  inflow  for  high  speed  forward  flight  con- 
ditions is  a universally  accepted  approximation  whose  limitations,  if  not 
quantitatively  known,  are  at  least  qualitatively  understood. 
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ENGINE  NOISE  CALCULATION 


The  existing  civil  helicopter  fleet  includes  Noth  reciprocating 
(gasoline/piston)  and  shaft  turbine  engine  powered  vehicles.  Separate 
analytical  methods  were  developed  for  calculating  the  noise  produced 
by  these  two  types  of  engines. 

Shaft  Turbine  Engine 

Shaft  turbine  engines  have  three  principal  noise  sources: 

• Combustion  noise 
0 Compressor  noise 

• Exhaust  jet  noise 

Methods  for  predicting  sound  power  levels  from  these  three  noise  sources, 
as  well  as  directivity  corrections,  are  presented  in  this  section. 

Compressor  Noise  Prediction 

Compressor  noise  is  radiated  both  forward  and  rearward  from  the  engine. 

Its  noise  spectrum  consists  of  discrete  frequency  components  at  the 
compressor  blade  passage  frequency,  and  its  harmonics,  along  with  broad 
band  noise.  Since  these  two  sound  generating  mechanisms  are  independent 
of  each  other,  they  are  predicted  separately. 

The  method  used  herein  for  predicting  compressor  noise  is  based  upon  work 
originally  performed  by  Smith  and  Housed  and  later  modified  by  Grande, 
et  al?6.  This  method  provides  independent  equations  for  harmonic  and 
broad  band  noise  and  includes  rotor-stator  separation  and  compressibility. 
The  equations  for  maximum  linear  sound  pressure  levels  at  a distance  of 
100  ft  for  a single  stage  compressor  are  as  follows: 

(^Discrete  Tone  = 85  + 50  lo^  ^/lOOOl 

+ 10  log  [m(c/s)2]  + AF  (4) 


2T 

Smith,  M.J.T.  and  M.  E.  House,  "Internally  Generated  Noise  From  Gas 
Turbine  Engines:  Measurement  and  Prediction",  Journal  of  Engineering 
for  Po wer,  Trans,  of  ASME  (April  1967),  pp  177-190. 

^Grande,  E.,  D,  Brown,  L.  Sutherland,  and  R.  Tedrick,  "Small  Turbine 
Engine  Noise  Prediction,  Volume  II,  Noise  Prediction  Methods",  Tech. 
Report  AFAPL-TR-73-79,  Volume  II  December  1973 
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+ amid  + 10  1og  tua/ur3  + AF 


(5) 


where:  Ur  = 

Ua  = 
s/c  = 

amid 
AF  = 


relative  blade  tip  speed  (ft/sec) 

axial  flow  velocity  (ft/sec) 

rotor-stator  separation  at  tips,  in  upstream 
blade  chords 

mean  incidence  deviation  (in  deg)  from  the  blade 
lift  curve  peak 

flow  correction  factor  (discussed  in  the  next  paragraph) 


To  develop  the  complete  spectrum,  the  discrete  frequency  components  are 
assumed  to  decay  as  20  log  n,  where  n is  the  harmonic  number^';  a rep- 
resentative spectrum  shape  is  assumed  for  the  broad  band  noise. 


The  flow  correction  factor  given  by  Smith  and  House  seems  to  be  inaccurate. 
This  is  attributed  to  the  assumption  that  a direct  relationship  exists 
between  the  axial  velocity  of  the  flow  and  the  absolute  velocity  of  the 
blade  tip.  Grande,  et  al^6,  derived  a new  set  of  factors  which  are  based 
on  the  local  relative  velocity  rather  than  that  of  tip  relative  velocity. 
Therefore,  the  forward  and  rearward  noise  is  obtained  by  integrating  over 
the  blade  sweeping  area.  The  factors  are  as  follows. 

AF  = 10  log  fo*"  forward  propagation 


= 10  log  (2  - nt)  for  rearward  propagation. 


(6) 
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^Goldstein,  M.  E.,  "Aeroacoustics",  NASA  SP-346,  November  1974. 
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where: 


r _ 

b 


c 


1 


c2 


tip  Mach  number 
hub  radius 
tip  radius 

radius  at  which  tip  velocity  is  sonic 

1 ,2tiN,2 

C0 


M,„  = axial  flow  Mach  number 

a X 

Cq  = local  speed  of  sound 
N - rpm  of  compressor 


2fi 

Further,  it  was  observed  that  for  forward  propagating  discrete  tones  , 
the  predictions  were  well  correlated  with  measured  data  when  the  constant 
in  Equation  (4)  is  changed  from  85  to  80.  For  a multistage  compressor, 
the  factors  AF  are  multiplied  by  the  stage  number.  The  resulting  equa- 
tions used  in  the  prediction  scheme  are  as  follows. 


(SPL) 


Discrete  tones 
forward 


=80+50  log  (Ur/1000)  + 10  log  [m(c/s)2] 
+ (AFf)Ns 


(SPL) 


Discrete  tones 
forward 


=85+50  log  (Ur/1 000 ) + 10  log  [m(c/s)2] 
+ [AFf  + AFr  - 1/2(Nt  - Ns)] 


(7) 

( & l 


(SPL) 


White  noise 
forwa  rd 


^ Whi  te  noise 
rearward 


=75+50  log  (Ur/1000)  + 10  log  [m(c/s)mean] 

Ns 

+ amid  + 10  log  [Ua/Ur]  + ^ (AFr)i  (9) 

=75+50  log  (Up/1000)  + 10  log  [m(c/s)mean] 

+ ^mid  + 10  log  Dyur]  + [AFr  - 1/2(Nt  - Ns)]  (10) 
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where:  N-j.  = total  number  of  stages 
Ns  = stage  number 

AFf,  AF^  are  forward  and  rearward  factors  from  Equation  (6) 

The  power  levels  of  the  compressor  are  calculated  by  assuming  simple 
spherical  spreading.  It  should  be  noted  that  the  predicted  power  levels 
are  higher  because  the  directivity  effects  are  not  included  in  the  cal- 
culation of  power  levels. 

Combustion  Noise 

Huff,  Clark  and  Dorsch^®  recommended  a procedure  for  the  prediction  of 
low  frequency  core  engine  noise.  The  scheme  predicts  the  overall  noise 
power  and  the  frequency  at  which  it  peaks.  The  spectrum  is  then  predicted 
by  fitting  the  peak  level  with  an  averaged  spectrum. 

Evidence  indicates  that  the  low  frequency  core  noise  due  to  combustion 
and  internal  flow  is  dependent  on  combustor  type  and  design.  However, 
these  parameters  are  difficult  to  extract  from  the  farfield  noise  data. 
Hence,  the  choice  of  prediction  scheme  was  based  on  the  simplicity  of 
equations  and  the  fact  that  the  required  parameters  were  readily  avail- 
able. 

on 

Motsinger  gave  a formula  for  predicting  the  overall  sound  power  level: 

P y 2 

OAPWL  = 56.5  + 10  log  mfl  [(T4  - T3)  ^ ^ ] (11 ) 

0 3 

The  frequency  (neglecting  the  Doppler  shift  factor)  corresponding  to  the 
peak  of  the  spectrum  is  given  by: 


f 


P 


740 


m_ 


(12) 


Huff,  R.  G. , B.  J.  Clark  and  R.  G.  Dorsch,  "Interim  Prediction  Method 
for  Low  Frequency  Core  Engine  Noise",  NASA  TMX-71627,  November  1974. 

O Q 

Motsinger,  R.  E.  and  J.  J.  Enmerling,  "Review  of  Theory  and  Methods 
for  Combustion  Noise  Prediction",  AIAA  Paper  75-541,  2nd  Aeroacoustics 
Conference,  Hampton,  VA,  March  1975. 
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where:  m 

a 


p 

T 

T 

P 

T 

T 


3 

3 

4 
R 
R 
0 


total  mass  flow  through  the  combustor  (lb/sec) 

O 

total  pressure  at  combustor  inlet  (Ib/ft"') 
total  temperature  at  combustor  inlet  (°R) 
total  temperature  at  combustor  exit  (°R) 

p 

reference  pressure  (lb/ft  ) 

reference  temperature  (consistent  with  T^,  T^) 

atmospheric  temperature 


Figure  6 shows  the  normalized  spectrum  shape  as  a function  of  dimension- 
less frequency  f/f  . 

Jet  Noise 

The  engine  noise  prediction  program  is  being  used  to  predict  noise  levels 
of  typical  engines  used  on  civil  helicopters,  where  the  exhaust  jet 
velocities  are  typically  low  subsonic.  At  these  velocities,  it  is  very 
unlikely  that  the  noise  produced  by  the  jet  will  be  a dominant  source. 
However,  a jet  noise  prediction  scheme  has  been  included  for  completeness. 

The  peak  overall  pressure  level  along  a side  line  parallel  to  the  jet  axis 
at  200  ft  is  given  by30: 


OASPL.  = 10  log  F(u)  + 10  log  (p^A) 

J 


(13) 


where:  p = weight  density  of  fully  expanded  jet  (lb/ftJ) 

2 

A = effective  nozzle  area,  ft 
r = sideline  distance,  ft 

The  value  of  10  log  F(u)  for  a given  jet  velocity  is  obtained  directly 
from  Figure  7. 


3f) Anonymous,  "Jet  Noise  Prediction",  SAE  AIR  876,  October  1965. 
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Figure  7.  Normalized  Jet  Noise  Vs  Jet  Relative  Velocity 
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The  Strouhal  number  is  calculated  by  using  the  effective  diameter  of  a 
jet  exhaust  stream,  given  by: 

De  = 1,13  A (14) 

and  the  Strouhal  number  is  given  by: 

f D 

Sj  - 05) 

The  corresponding  attenuation  F.  is  obtained  by  using  Figure  8.  Hence, 
the  octave  band  sound  pressure  Jlevel  is  given  by: 

SPLjet  (J)  « OASPL  - F.  (16) 


Directivity  Corrections 

The  various  noise  sources  involved  in  the  evaluation  of  total  engine 
noise  are  directional,  the  effects  of  which  can  not  be  overlooked.  Since 
the  inlet  as  well  as  exhaust  characteristics  of  engines  are  by  no  means 
standardized,  the  evaluation  of  directivity  functions  is  rather  compli- 
cated. The  procedure  adopted  here  is  the  one  recommended  by  NASA31. 
Figures  9 and  10  give  the  directivity  of  forward  and  rearward  propagating 
compressor  noise  sources.  Figure  11  gives  the  directivity  of  the  low 
frequency  core  engine  noise  coming  out  of  the  exhaust  duct,  and  Figure  12 
gives  the  directivity  of  the  subsonic  jet  noise.  Subtraction  of  these 
directivity  functions  from  the  calculated  power  levels  of  the  various 
sources  yields  the  sound  pressure  levels  at  unit  distance  from  the  source. 

Reciprocating  Engines 

Reciprocating  engine  noise  has  three  components:  intake  noise,  casing 
noise,  and  exhaust  noise.  Acoustic  measurements  have  been  made  on 
numerous  diesel  and  gasoline  engines  in  order  to  quantify  noise  levels 
for  each  of  these  noise  components.  Such  measurements  are  reported  in 
References  32,  33  and  34.  The  results  of  these  measurements  indicate 
the  following  trends. 

31Heidmann,  "Interim  Prediction  Method  for  Fan  and  Compressor  Source 
Noise",  NASA  TMX-71763,  December  1974. 


32Ungar,  E.  E.,  "A  Guide  for  Predicting  the  Aural  Detectability  of 
Aircraft",  AFFDL-TR-71-22,  July  1971. 

^ngar,  E.  E.  and  F.  R.  Kern,  "Exhaust,  Casing,  and  Intake  Noise  of 
Continental  I0-520D  Aircraft  Engine",  BBN  Report  No.  2520A,  June  1973. 

■^Priede,  T. , "Diesel  Engine  Noise  Conference",  SAE  Report  SP-397,  Aug.  1975. 
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ANGLE  MEASURED  FROM  ENGINE  INLET  AXIS  ,6  (DEG) 


Figure  11.  Directivity  of  Low  Frequency  Core  Engine  Noise 


• Generally,  noise  levels  for  an  unmuffled  exhaust  are  higher  than 
those  for  casing  noise,  which  in  turn  are  higher  than  those  for 
unmuffled  intake  noise. 

• Intake  noise  is  often  inseparable  from  casing  noise;  in  this 
report,  intake  noise  is  neglected  since  its  sound  power  levels 
are  usually  at  least  10  dB  below  those  for  casing  noise. 

• For  all  three  noise  components,  measurements  show  that  acoustic 
intensity  is  directly  proportional  to  engine  output  horsepower, 
which  can,  therefore,  be  used  to  normalize  measured  noise  data. 

• Engine  noise  signatures  contain  discrete  frequency  tones  at  the 
firing  frequency  and  at  several  harmonics  and  subharmonics  of 
this  frequency;  also,  noise  levels  are  maximum  at  the  firing 
frequency,  which  can  be  used  to  normalize  frequency. 

• Even  when  the  above  normalization  procedures  are  adopted,  sound 
power  spectra  typically  show  10-dB  to  20-dB  scatter  between 
different  engines. 

• Noise  levels  for  diesel  engines  are  generally  higher  than  those 
for  gasoline  engines  which  are  used  for  all  piston  engine  driven 
helicopters;  however,  diesel  engine  noise  has  received  much 
greater  attention  than  gasoline  engine  noise. 

The  empirical  equation  that  relates  engine  sound  power  level  to  engine 
horsepower  and  frequency  is: 


w 


sound  power  level  (dB  re 


10~12  watts) 


where : 


= 10  Log10  (hp)  + A + B Log10(f/fQ) 

hp  = output  horsepower  of  engine 

f = frequency  (Hz) 

(A,B)  = empirical  constants 

f = engine  firing  frequency  (Hz) 

= SN/( 30n) 


where:  S 

N 
n 


- engine  speed  (rpm) 

= number  of  cylinders 
= 2 or  4 = number  of  cycles 


07) 


(18) 
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Equation  (17)  is  used  herein  for  prediction  of  one-third  octave  band  sound 
power  levels  for  exhaust  and  casing  noise.  The  quantities  A and  B are 
different  for  exhaust  and  casing  noise,  and  they  vary  with  nondimensional 
frequency  (f/f  ) bands. 

Casing  Noi se 

Priede3^  measured  casing  noise  levels  for  six  automotive  gasoline  engines 
in  the  90-hp  to  1 30- hp  range.  One-third  octave  band  sound  pressure  levels 
at  1.0  meter  from  the  sides  of  these  engines  are  listed  in  Table  6 for 
the  frequency  range  of  100  to  10,000  Hz.  Also  listed  in  Table  6 are  the 
engine  characteristics. 

The  distance  from  the  microphone  to  the  center  of  the  engine  is  assumed  to 
be  R = 1.25  m.  The  following  equation  is  then  used  to  convert  sound 
pressure  levels  in  Table  6 to  sound  power  levels. 

-12 

L = one-third  octave  band  sound  power  level  (dB  re  10  watts) 
w 

= SPL  + 10  Log10  (4frR2) 

= SPL  + 13  dB 

-9 

SPL  = one-third  octave  band  sound  pressure  level  (dB  re  2.92  *10  psi ) 

1 isted  in  Table  6 

These  sound  power  levels  are  then  normalized  by  engine  horsepower  using 
the  equation: 

Lw  - 10  Log10  hp  = SPL  + 13  dB  - 10  Log10  hp  (20) 

Calculated  values  of  the  normalized  sound  power  levels  are  listed  in 
Table  7 for  the  six  engines.  Here  the  frequency  (f)  is  shown  normalized 
by  the  firing  frequency  (f0).  Actually,  the  one-third  octave  bands  in 
Table  6 were  shifted  so  that  the  band  containing  the  firing  frequency 
falls  in  the  normalized  band  f/f0  = 1.0  in  Table  7.  This  table  also 
lists  the  normalized  sound  power  levels  for  a 140  hp  Continental  Aircraft 
Engine^.  Figure  13  shows  an  envelope  of  the  sound  power  levels  listed 
in  Table  7,  and  an  average  spectrum  which  rises  at  6 dB/oct  for  f/f0  < 1.0 
is  constant  at  82  dB  for  1.0  ^ f ^ 2.5,  and  rolls  off  at  12  dB/oct  for 
f/f0  ^ 25.  At  the  firing  frequency  f = fQ,  an  average  value  of  87  dB  is 
selected  as  the  pure  tone  level.  This  average  spectrum  has  been  used  to 
reflect  normalized  casing  noise.  Values  of  A and  B for  Equation  (17)  are: 


TABLE  6.  ONE- THIRD  OCTAVE  BAND  SPL’S  OF  CASING  NOISE  MEASURED  1.0  METER 
FROM  THE  SIDES  OF  SIX  4-CYCLE  GASOLINE  ENGINES;  REFERENCE  10 


" 

Engine  Characteristics 

1 

2 

2 

4 

5 

6 

Type 

In-Line 

In-Line 

In-Line 

In-Line 

In-Line 

V-Form 

No.  Cyl . 0 

4 

4 

4 

6 

4 

(6) 

90 

90 

120 

120 

150 

210 

rpm 

6000 

5000 

5500 

5500 

6000 

5000 

95 

90 

103 

99 

105 

130 

mm 

One- 

Third  Octave  Band  S 

5L 

100 

82 

76 

73 

125 

85 

81 

79 

70 

163 

83 

96 

88 

82 

90 

75 

200 

93 

78 

96 

89 

98 

79 

250 

86 

77 

94 

96 

89 

75 

315 

83 

82 

94 

91 

90 

80 

400 

87 

79 

85 

83 

94 

82 

j 500 

92 

81 

90 

86 

91 

84 

! 630 

88 

83 

98 

81 

94 

86 

800 

83 

86 

93 

85 

91 

87 

1000 

84 

92 

93 

88 

91 

85 

1250 

84 

85 

93 

85 

92 

87 

1630 

87 

92 

91 

92 

94 

84 

87 

87 

92 

85 

96 

84 

88 

83 

89 

86 

95 

82 

3150 

35 

83 

90 

84 

96 

79 

4C00 

85 

81 

89 

86 

95 

77 

5000 

86 

79 

88 

85 

92 

74 

6300 

84 

79 

86 

85 

91 

72 

8000 

82 

78 

85 

84 

88 

70 

1000 

83 

76 

84 

83 

84 

68 

SPL  (dBA) 

95 

U-  ..9S 

103 

110 

105 

97.6 

59 


TABLE  7.  ONE-THIRD  OCTAVE  BAND  SOUND  POWER  LEVELS  OF  CASING  NOISE  FOR 
SEVEN  GASOLINE  ENGINES 


Frequency 

A 

B 

f/f0  < 1.0 

82 

30 

f/fQ  = 1.0 

87 

0 

1.0  C f/f0  £ 25 

82 

0 

25  £ f/f0 

138 

-40 

Unmuffled  Exhaust  Noise 

In  Reference  32  Ungar  presents  measured,  octave  band  sound  power  levels 
of  exhaust.- noise  from  nine  diesel  engines  whose  operating  characteristics 
span  the  following  ranges: 

hp  = 160  to  7000  horsepower 

S = 240  to  1800  rpm 

n = 2 and  4 cycles 

fQ  = 30  to  480  Hz  firing  frequency 

These  data  extend  over  a frequency  range  of  31.5  to  8000  Hz,  and  exhibit 
a typical  scatter  of  10  to  20  dB.  From  these  data,  Ungar  developed  a 
"smoothed-out"  spectrum  that  is  approximately  equal  to  the  mean  plus  one 
standard  deviation;  the  resulting  spectrum  is  shown  in  Figure  14  in  the 
alternate  form  of  one- third  octave  band  sound  power  levels. 

Spectrum  levels  in  Figure  14  are  normalized  by  horsepower,  and  frequency 
is  normalized  by  the  firing  frequency.  These  normalizations  are  consis- 
tent with  those  indicated  in  Equation  (17).  The  discrete  tone  levels 
associated  with  Ungar 's  prediction  are  5 dB  above  the  "smoothed-out" 
spectrum. 

For  purposes  of  comparison,  Figure  14  also  shows  exhaust  sound  power 
levels  recommended  in  Reference  35  for  prediction  of  shipboard  noise 
from  diesel  and  gasoline  engines.  For  each  type  of  engine  (diesel, 
gasoline),  the  spectrum  varies  by  6 dB  to  account  for  various  engine 
speeds,  turbochargers , and  in-line  or  V-form  configurations.  On  the 
average,  the  gasoline  engines  radiate  10  dB  less  exhaust  noise  than  the 
diesel  engines. 


Or 

Bolt  Beranek  and  Newman,  Handbook  for  Shipboard  Airborne  Noise  Control, 
USCG-NSES  Report.  " 
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NORMALIZED  FREQUENCY  (f/fo) 


Ungar's  prediction  method  is  used  in  the  present  model  to  calculate 
exhaust  noise.  Numerical  values  of  the  quantities  A and  B as  in 
Equation  (17)  are: 


Frequency 

A 

B 

f/f0  < 1/2 

117 

33.22 

f/f0  - 1/2 

112 

0 

1/2  < f/fQ  < 1 

107 

0 

II 

o 

<4- 

112 

0 

1 < f/fQ  < 2 

107 

-13,29 

CXI 

(1 

o 

4- 

108 

0 

<4- 

V 

CM 

107 

-13.29 

CORRELATION  OF  ENGINE  NOISE  CALCULATIONS 


The  engine  noise  calculation  methods  are  empirically  based  and,  con- 
sequently, correlation  with  test  data  is  fundamental  to  their  development. 
Because  of  this,  little  correlation  work  with  these  methods  was  performed 
in  the  present  program,  and  the  efforts  which  were  undertaken  were  in- 
tended only  to  insure  that  the  methods  were  being  correctly  applied. 
Furthermore,  even  these  limited  efforts  were  hampered  by  a lack  of  avail- 
able helicopter  engine  noise  test  data. 

Figure  15  shows  a comparison  of  calculated  and  measured  reciprocating 
engine  noise  for  the  Bell  Model  47  helicopter  engine.  These  data  are 
presented  in  terms  of  sound  pressure  level  vs  engine  firing  frequency 
harmonic.  The  test  data  of  Figure  15  were  taken  from  Figure  7 of 
Reference  36.  The  degree  of  correlation  indicated  in  Figure  15  is 
consistent  with  the  range  of  scatter  expected  in  measured  reciprocating 
engine  noise,  and,  based  on  this  it  is  concluded  that  this  noise  calcula- 
tion method  is  performing  properly. 

No  measured  helicopter  shaft  turbine  engine  noise  data  were  found  which 
would  be  suitable  for  correlating  the  noise  calculation  method.  Because 
of  this,  it  was  decided  to  evaluate  the  validity  of  this  method  by 
comparing  measured  and  calculated  total  vehicle  spectra,  and  inferring 
method  correlation  from  the  degree  of  agreement  in  the  frequency  rangq 


or 

'Parrott,  T.  L.,  "An  Improved  Method  for  Design  of  Expansion-Chamber 
Mufflers  With  Application  to  an  Operational  Helicopter",  NASA  TN 
D-7309,  October  1973. 
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Figure  15.  Comparison  of  Measured  and 


where  engine  noise  would  be  expected  to  dominate  the  spectrum.  Com- 
parisons of  calculated  and  measured  total  vehicle  spectra  for  the 
Sikorsky  S-61  and  Hughes  500  vehicles  are  given  in  Figure  16.  Measured 
data  have  been  taken  from  References  21  and  22. 

General  agreement  between  measured  and  calculated  vehicle  noise  spectra 
is  indicated  in  Figure  16.  The  validity  of  the  shaft  turbine  engine 
noise  calculation  method  is  demonstrated  by  the  correlation  of  measured 
and  calculated  spectra  in  the  frequency  range  of  iKHz  to  lOKHz. 

TRANSMISSION  NOISE  CALCULA1 TON 

The  transmission  component  of  helicopter  vehicle  noise  consists  of 
multiple  pure  tones  (discrete  frequencies)  associated  with  the  various 
gear  meshes  within  the  main  transmission.  While  the  transmission  is 
not  generally  thought  to  be  a significant  contributor  to  helicopter 
external  noisel,  it  hue  been  considered  in  the  present  program  because 
the  discrete  frequency  nature  of  transmission  noise  makes  it  a poten- 
tially significant  contributor  to  vehicle  F.PNL.  The  simplified  method 
used  to  calculate  transmission  noise  in  the  present  program  has  been 
derived  from  a more  complex  analytical  method,  which  is  discussed  in 
References  16,  17  and  18. 

The  analytical  method  of  References  16,  17  and  18  considers  the  helicopter 
transmission  as  a complex  dynamic  system  consisting  of  many  mechanical 
elements.  In  this  method,  all  gears/gearshafts,  shaft  support  bearings 
and  the  transmission  case  are  dynamically  modeled  individually  and  these 
individual  elemental  models  are  then  coupled  to  form  a system  dynamic 
model.  Excitations,  in  the  form  of  gear  mesh  deflections,  are  applied  to 
the  resulting  system  model,  and  transmission  dynamic  responses  and  case 
radiated  noise  are  calculated  directly.  Gear  mesh  deflection  excitations 
are  calculated  based  on  unsteady  gear  tooth  bending,  which  occurs  as  a 
result  of  the  transmission  of  torque  across  the  mesh. 

Within  the  Reference  18  study,  a dynamic  model  of  the  Kaman/Navy  SH-2D 
helicopter  transmission  was  developed.  Testing  was  performed  on  this 
transmission  and  model  calculations  of  transmission  ncise  were  correlated 
with  measured  data.  The  degree  of  correlation  obtained  with  this  model 
is  indicated  in  Figure  17. 

While  a high  degree  of  correlation  is  obtainable  with  the  detailed  trans- 
mission noise  model  of  Reference  18,  the  complexity  of  this  model,  and 
the  extent  and  nature  of  input  data  required  for  its  use,  make  direct 
application  of  this  method  to  the  present  program  impractical.  Con- 
sequently, an  alternate  approach  was  adopted,  and  a simplified  trans- 
mission noise  calculation  technique  was  derived,  based  on  parametric 
trend  data,  developed  from  the  detailed  5H-2D  transmission  model.  The 
validity  of  this  simplified  method  is  predicated  on  the  assumption  that 
the  SH-2D  transmission  has  dynamic  response  and  noise  radiation  character- 
istics which  are  representative  of  current  generation  helicopter 
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THIRD-OCTAVE  BAND  LEVEL  IN  DB  RE  0.0002  MICROBAR 


CALCULATED  SPECTRUM 


ssssss? 


MEASURED  DATA,  SPREAD  OF  FIVE  MEASUREMENTS 


A.  0H-6A  (H-500)  Fly-Over,  100  Ft  Altitude, 
120  Kts  S.L.  Flight 


iiqure  16.  Comparison  of  Measured  and 
Calculated  Vehicle  Noise 
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-OCTAVE  BAND  LEVEL  IN  DB  RE  0.0002  MICROBAR 


MEASURED 
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Figure  17.  Comparison  of  Measured  and  Calculated  SH-2D  Transmission  Noise, 
Using  Detailed  Transmission  Noise  Model 


transmissions.  This  assumption  is  believed  to  be  appropriate,  since  the 
SH-2D  transmission  is  similar  in  design  to  most  existing  helicopter 
transmissions  and  its  operating  torque  and  rpm  conditions  are  near  median 
values  for  the  vehicles  considered  in  the  present  study. 

The  transmission  noise  calculation  method  developed  for  the  present  study 
is  based  on  a simple  parametric  relationship  between  the  physical 
variables  of  a given  gear  mesh  and  the  sound  power  level  of  the  discrete 
frequency  component  due  to  that  mesh.  The  general  form  of  this  relation- 
ship is: 

PWLG  = A Log10(x)  + B Log1Q(f)  + C + D (21) 

-12 

sound  power  level  - dB  re  10  watts 

a constant  indicative  of  the  relationship  between 
torque  and  sound  power  level 

transmitted  torque  (in-lb) 

a constant  indicative  of  the  relationship  between 
gear  clash  frequency  and  sound  power  level 

gear  clash  frequency  - Hz 

a constant  indicative  of  the  type  of  gear  mesh 

a constant  indicative  of  the  gear  clash  harmonic 
number 

A parametric  study  was  performed,  using  the  available  SH-2D  transmission 
analytical  model,  considering  three  types  of  gear  meshes,  all  of  which 
were  represented  in  the  SH-2D  model.  Gear  mesh  types  considered  were: 
spur  gear,  spiral  bevel  gear  and  planetary  system.  Based  on  this  study 
three  equations,  of  the  form  of  Equation  (21),  were  derived  for  the 
three  gear  mesh  types  considered.  These  derived  equations  are: 


PWUr  = 

20  Log  (t)  + 37,8  Log  (f)  - 91  + D$G 

pwlsbg 

20  Log  (t)  + 37.8  Log  (f)  - 100  + D$BG 

PWLps  - 

12.8  Log  (t)  + 37,8  Log  (f)  - 59  + Dps 

(22) 

where:  PWLr  - 

ta 

A 

T = 

B 

f 

C 

D 
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where:  PWL^g  = sound  power  level  of  spur  gear  mesh 

PWL$bg  = sound  power  level  of  spiral  bevel  gear  mesh 

PWLpB  = sound  power  level  of  planet  system 

The  constants  D<.g,  D<.gg,  and  Dps  in  Equation  (22)  are  indicative  of  the 

relationship  between  sound  power  level  and  gear  mesh  harmonic  number, 
which  was  found  to  be  specific  to  a particular  gear  mesh  type.  Values  of 
these  constants  were  defined  to  be  equal  to  zero  for  the  gear  clash 
fundamental  frequency.  Finite  values  were  established  for  these  constants 
for  the  second  and  third  harmonics  of  gear  clash  frequency,  and  these  are 
given  in  Table  8. 

Equation  (22)  could  not  be  used  directly  in  the  total  helicopter  vehicle 
noise  calculation  model  for  two  reasons.  First,  the  sound  power  levels 
calculated  with  Equation  (22)  are  in  terms  of  a "Spectrum  Level"  with 
a frequency  bandwidth  of  one  Hz,  while  the  vehicle  noise  model  deals  in 
1/3  octave  bands.  This  problem  was  overcome  by  converting  these  "Spectrum 
Levels"  to  a 1/3  octave  format  using  a digital  1/3  octave  filter  rep- 
resentation. The  second,  and  more  'ignificant  problem  in  using  these 
equations,  relates  to  the  fact  that,  in  general,  helicopter  transmissions 
are  enclosed  within  the  vehicle  fuselage  or  pylon  structure.  Equation 
(22)  refers  to  sound  radiation  in  free  space,  and  therefore,  the  levels 
calculated  with  these  equations  must  be  reduced  to  account  for  the  sound 
attenuation  characteristics  of  any  enclosing  vehicle  structure. 

The  sound  attenuation  of  a partial  acoustic  enclosure  may  be  simply 
related  to  enclosure  surface  density  open  area  ratio,  and  source  fre- 
quency, if  the  structural  material  is  assumed  to  act  as  a limp  mass^. 

The  transmittance  (T)  of  such  a structural  material  is  given  by: 


T = [-2— ' -?]  (23) 

f • 

where:  T = transmittance,  ratio  of  transmitted  to  incident  sound 

f = source  frequency  - Hz 

? 

p = surface  density  - Ib/in 


37 

Beranek,  L.  L.,  "The  Transmission  and  Radiation  of  Acoustic  Waves  by 
Solid  Structures",  CH-13,  Noise  Reduction,  L,  L.  Beranek,  ed., 
McGraw-Hill,  1960. 
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For  a partial  enclosure,  the  enclosure  transmission  loss  or  attenuation 
(in  decibels),  is  a function  of  the  transmittance  of  the  solid  portion 
of  the  enclosure,  given  by  Equation  (23),  and  the  ratio  of  open  area  to 
total  enclosure  area.  This  transmission  loss  is  given  by: 

T.U  = 10  Log-jQ  [-,-(!  _ JR)  + ^ 

where:  T.L.  = enclosure  transmission  loss  (dB) 

Ar  = ratio  of  open  area  to  total  enclosure  area 

Equation  (24)  is  used  in  the  transmission  noise  calculation  model  in 
conjunction  with  the  transmission  case  radiated  sound  power  level 
relationships  of  Equation  (22). 

CORRELATION  OF  TRANSMISSION  NOISE  CALCULATIONS 


The  transmission  component  of  helicopter  noise  is  not  readily  measurable 
external  to  the  helicopter,  and  no  external  noise  data  were  found  to  be 
available,  suitable  for  correlating  transmission  noise  calculations. 
However,  since  the  method  is  equally  well  suited  to  calculating  heli- 
copter internal  noise,  which  is  normally  dominated  by  the  transmission 
component,  it  was  decided  to  use  available  measured  internal  noise  data 
for  this  purpose. 

Measured  internal  noise  levels  of  the  Bell/Army  UH-1  (Model  205  civil 
designation)  are  given  in  Reference  38.  These  measurements  were  made  in 
terms  of  1/3  octave  bands,  for  three  different  vehicles.  The  data  of 
Reference  37  are  compared  to  a calculated  UH-1  transmission  noise 
spectrum  in  Fiaure  18.  The  degree  of  correlation  indicated  by  this 
comparison  is  considered  adequate  for  present  program  purposes. 


'5\askin,  I.,  F.  K.  Orcutt  and  E.  E.  Shipley,  "Analysis  of  Noise 
Generated  by  UH-1  Helicopter  Transmission",  USAAVLABS  TR  68-41, 
June  1968. 
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Figure  18.  Comparison  of  Measured  and  Calculated  UH-1  (B-205) 
internal  Noise,  Using  Simplified  Transmission 
Noise  Model 


VEHICLE  DESIGN  AND  PERFORMANCE 


The  noise  calculation  methods  of  the  previous  section  provide  the  means 
for  evaluating  the  potential  for  helicopter  noise  reduction.  To  apply 
these  methods  realistically,  however,  it  is  necessary  to  determine  the 
nature  and  extent  of  changes  in  vehicle  design  and  performance  character- 
istics which  must  be  made  to  incorporate  noise  reduction  methodology. 

This  information  is  also  required  to  assess  the  economic  cost  of  heli- 
copter noise  reduction.  This  section  of  the  report  discusses  the 
analytical  method  which  has  been  developed  to  obtain  the  required  infor- 
mation. 

Mission  Performance  Criteria 

The  intent  of  the  overall  study  effort  is  to  determine  how  much  noise 
reduction  can  be  achieved  in  future  design  civil  helicopters  using  existing 
noise  reduction  technology,  and  what  changes  in  total  life  cycle  cost  will 
result  from  the  achie;ement  of  this  noise  reduction.  Since  the  study 
concerns  itself  only  with  futpre  design  civil  helicopters,  it  is  necessary 
to  make  certain  assumptions  as  to  the  nature  of  these  vehicles  and  what 
their  noise  and  cost  characteristics  would  be  if  noise  reduction  was  not 
considered  in  their  design.  The  effects  of  noise  reduction  can  then  be 
determined  relative  to  these  baseline  characteristics.  In  the  present 
program  it  is  assumed  that  future  design  civil  helicopters  will  be  required 
to  perform  similar  missions  to  those  presently  being  performed.  Since 
vehicle  design  is  principally  a function  of  required  mission  performance, 
it  is  further  assumed  that  future  civil  helicopters  will  be  similar  in 
design  to  existing  vehicles.  These  assumptions  lead  directly  to  the  use 
of  existing  civil  helicopter  characteristics  as  the  baseline  for  deter- 
mining changes  due  to  the  introduction  of  noise  reduction  methodology, 
and  this  approach  has  been  taken  in  the  present  program. 

The  basic  premise  of  the  present  effort  is  that  noise  reduction  of  future 
civil  helicopters  will  be  achieved  in  addition  to,  rather  than  at  the 
expense  of,  required  mission  performance.  Noise-reduced  vehicles  will 
fly  as  fast,  as  high,  as  far  and  with  the  same  payload,  although  they 
may  be  heavier  and  more  costly  to  own  and  operate.  This  concept  of  a 
constant  mission  performance  requirement  provides  a realistic  context 
within  which  the  effects  of  helicopter  noise  reduction  can  be  determined 
and  assessed. 

In  specific  terms,  the  following  mission  performance  criteria  have  been 
established: 

(1 ) Constant  payload. 

(2)  Constant  out-of-ground  effect  hover  ceiling. 
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(3)  Constant  range  (at  the  best  cruise  speed  of  the  baseline 
vehicle). 

(4)  Adequate  (equal  or  greater)  stall  margin. 

In  general  terms,  these  criteria  have  been  applied  in  the  following 
manner.  First,  the  direct  effect  of  the  introduction  of  a noise  reduction 
method  was  determined  in  terms  of  a change  in  vehicle  qross  weight  at  the 
constant  payload.  This  new  gross  weight  was  then  used  to  establish  a new 
installed  power  requirement,  and  the  consequent  changes  in  engine  weight 
and  rated  fuel  consumption  rate  which  result  from  this  change  in  installed 
power.  Installed  power,  as  well  as  engine  weight  and  rated  fuel  consump- 
tion, were  also  changed  to  reflect  any  direct  effects  of  noise  reduction 
such  as  engine  silencer  losses.  Weight  and  installed  power  changes  were 
then  iterated  until  a combination  was  arrived  at  which  satisfied  the 
baseline  vehicle  out-of-ground  effect  hover  ceiling  capability. 

The  above  procedure  resulted  in  a vehicle  configuration  which  could 
operate  at  the  same  altitude  with  the  same  payload  as  the  reference 
configuration.  Forward  flight  performance  was  then  considered  in  order 
to  satisfy  the  established  range  and  speed  capability  criteria.  Given 
the  new  vehicle  gross  weight  determined  by  hover  performance  requirements, 
rotor  stall  margin  was  calculated  and  compared  to  that  of  the  baseline 
vehicle.  If  insufficient  stall  margin  was  indicated,  changes  in  rotor 
design  were  effected,  which  increased  stall  margin  to  that  of  the  baseline 
configuration.  Any  changes  in  weight  which  resulted  from  this  rotor  design 
change  were  calculated  and  accounted  for,  i terati vely,  through  reconsidera- 
tion of  the  hover  performance  requirement.  Once  stall  margin  and  hover 
perforamnce  were  determined  to  be  consistent  with  the  established  criteria, 
forward  flight  power  required  for  the  new  vehicle  configuration  was  cal- 
culated. 

The  forward  flight  power  required  was  determined  for  flight  at  the  best 
cruise  speed*  of  the  baseline  vehicle.  This  power  was  used  to  determine 
the  need  for  any  change  in  fuel  load  required  to  maintain  a maximum 
range  equal  to  that  of  the  baseline  vehicle.  If  fuel  load  was  changed, 
vehicle  gross  weight  was  adjusted  accordingly  and,  again,  compensated 
for  through  consideration  of  hover  performance  and  stall  margin  criteria. 

In  the  above  manner,  a new  vehicle  design  was  defined  in  terms  of  changes 
in  vehicle: 


* Best  cruise  speed  is  defined  as  the  speed  for  maximum  range. 
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(1 ) Gross  weight, 

(2)  Airframe  weight. . 

(3)  Installed  power. 

(4)  Engine  weight. 

(5)  Fuel  load. 


These  changes  in  vehicle  design  are  in  addition  to  and  are  the  direct 
result  of  one  or  more  changes  in  vehicle  design  associated  with  the 
introduction  of  some  noise  reduction  methodology.  All  of  these  changes 
have  the  potential  for  affecting  the  net  noise  reduction  which  is 
achieved  with  a given  noise  reduction  methodology  and,  therefore,  all 
must  be  considered  in  the  calculation  of  vehicle  noise  reduction. 
Similarly,  all  changes  in  vehicle  design  influence  vehicle  cost.  The 
individual  analytical  relationships  which  have  been  used  to  determine 
the  above  changes  in  vehicle  design  are  described  in  the  following  para- 
graphs. 

Hover  Performance 


The  installed  engine  power  required  for  a given  helicopter  design  is 
dictated  by  desired  hover  performance,  as  stated  in  terms  of  out-of- 
ground effect  hover  ceiling.  While  power  is  required  for  many  aircraft 
systems,  including  the  main  and  auxiliary  rotors,  electrical  generators, 
hydraulic  and  fuel  pumps,  etc.,  the  main  rotor  absorbs  the  largest 
fraction  of  total  power  required.  Power  requirements  of  the  other 
systems  are  relatively  small  and,  furthermore,  their  sum  tends  to  be  a 
constant  fraction  of  total  power  required.  Because  of  these  factors, 
installed  power  requirements  have  been  found39  to  be  a function  of  main 
rotor  characteristics  only,  specifically  main  rotor  thrust  required  and 
main  rotor  disk  loading.  The  introduction  of  noise  reduction  methodology 
is  not  expected  to  affect  this  functional  relationship,  except  in  the 
case  where  engine  noise  reduction  methods  may  cause  engine  power  losses 
which  would  necessitate  increasing  installed  power.  This  effect,  is  dis- 
cussed in  a subsequent  section  of  this  report. 


Metzger,  R.  F. , et  c(l,  "Development  of  a Method  for  the  Analysis  of 
Improved  Helicopter  Design  Crtie.'ia",  USAAMRDl  TR  74-30,  July  1974. 
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The  relationship  between  main  rotor  thrust,  disk  loading  and  installed 
power  is  illustrated  iri  Figure  19.  If  main  rotor  thrust  required  is 
assumed  as  equal  to  vehicle  gross  weight,  the  relationship  expressed  in 
Figure  19  reduces  to: 


HP  j = (.051 )(GW) (DL/PR) 


,41 


(25) 


where:  HP 

GW 
DL 

DR 


I 


installed  power  (HP) 
vehicle  gross  weight  (lb) 

2 

main  rotor  disk  load  ( = GW/ttR  , R * Rotor  Radius)  - 
(lb/ft*) 

density  ratio  (ratio  of  air  density  at  altitude  to 
sea  level  air  density) 


Given  the  above  relationship  between  rotor  disk  load,  gross  weight  and 
rotor  radius,  Equation  (25)  may  be  further  reduced  to: 


1.41 


HP.  = .0318  (jj£>  • (1/R) 

1 . '« % 


.82 


(26) 


Of  interest  in  the  present  analysis  is  the  change  in  installed  power 
which  occurs  as  a result  of  the  introduction  of  noise  reduction 
methodology.  Equation  (26)  indicates  that  installed  power  will  change 
only  as  a result  of  changes  in  vehicle  gross  weight,  main  rotor  radius 
or  density  ratio.  Established  mi ssion -.performance  criteria,  however, 
require  that  reduced  noise  vehicle  configurations  have  hover  ceiling 
capability  equal  to  baseline  vehicle  configuations,  and  this  requirement 
can  only  be  met  by  keeping  a constant,  though  unspecified,  density  ratio. 
This  can  be  accomplished  by  normalizing  Equation  (26)  with  regard  to 
baseline  vehicle  characteristics.  The  resulting  normalized  installed 
power  required  relationship  is  then  given  by: 


HP j * = HPj  (Gw’/GW0)1*4,(r’/Ro)'82 
lo 


(27) 


where:  HP j , GWq,  Ro 

o 


installed  power,  gross  weight  and  rotor 
radius  of  baseline  vehicle 


f < I 

HP.  , GW  , R = installed  power,  gross  weight  and  rotor 
1 radius  of  reduced  noise  vehicle 
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Equation  (27)  has  been  used  in  the  present  analysis  to  determine  the 
effect  of  introduction  of  noise  reduction  methodology  on  installed 
power. 

Engine  Height  and  Rated  Fuel  Consumption 

Given  the  installed  power  requirement  of  Equation  (27),  engine  weight 
and  rated  fuel  consumption  rate  can  be  determined.  The  relationship 
between  installed  power  and  engine  weight  is  given  by: 


wE  - ne 


HPt  ,5bb 
5.36  • (-J-) 

"E 


where:  Wr  = installed  engine  weight  1bs 

= number  of  engines 

This  relationship,  which  was  obtained  from  Reference  40,  can  be  normalized 
in  a manner  similar  to  that  of  Equation  (27),  with: 

, HP.'  *568 

- Wp  ■ (j^p  ) (29) 

0 ’ Jo 

where:  , HP.  - instated  engine  weight  and  horsepower  for 

0 o baseline  vehicle 

1 I 

W£  , HP.  = installed  engine  weight  and  horsepower  for 
reduced  noise  vehicle 


WE  , HPj 


Installed  power  also  determines  the  rated  fuel  consumption  rate  which, 
in  specific  terms,  is  the  rate  of  fuel  consumption  per  horsepower-hour, 
at  rated  horsepower.  This  engine  characteristic  is  necessary  to  determine 
the  rate  of  fuel  consumption  and,  consequently,  the  fuel  load  required 
at  the  part  power  cruise  flight  condition.  Rated  fuel  consumption  rate 
is  given  by-*": 

tjp  _.ld5 

SFCr  - Ne(1.136)(-|^)  (30) 


where:  SFCr 


rated  fuel  consumption  rate  (Ib-fuel/HP-hr) 


^%entele,  M.  and  J.  Laborde,  "Evolution  of  Small  Turboshaft  Engines", 
SAE  Paper  720820,  October  1972. 
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t » >r  i>c  ’ -5  ••  , *a>  '.c  ■ - ictt  iiivfat’  iiiduirrJ  ieu,'St:,''.<**T  • "u/iSs  i . js'.t 

'-rertav-  v xr.  *»_•;?*  st  v;‘.  cor.swr?-*  so*-.  !‘SK..  «te.  -e»  d*'  e'-c’ne  spf-pfKi- 

<Jitj  SfiJiCiU:  tMl,  r Ot't  re  ‘ . r.or  r jOSV,  ?i-  e<-rcer.t,  % 

fa«  ' tv  l'.l  eras'  ^ i*-  t'XSV.a  loss , *»')is  VfOtif  K fuO  COr- 
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Tt*.  3.{”S9t  0*  1 tj-;u'  3f«fi  VlMck  '^•ajc  t i«r-S  d'_f  * .-'  ;*  to-*' 

e*.  Q 1 ne  S i 1 etc  in  Q 1 V S 1 n 1 1 q jr.‘  4 , 6%  c 4 t.*-C  t 1 0<*  O?  Slit  0 Vv  * ■*!  Qt.  i . 

for  C?-:r-  v.'--ck‘.  To  pr'Sl'Ot  3 WL  df  sriQ'f  ^T  COBtH » ■ W»n , Silfcr.Ctr 

*20  i IS  0 >-pr  v j Sv'd  £ ' d r*i  r ■.  t*iVO*Jv  CP  Vt*  itlt  gre>S  fcv  i j1’! . 'A  io;s 
l»e  ;H,  ac*:H  it  S OOlSv  'tij.'tvfi  >rv  ;0i.5‘.:>  CO’K-ft  * dl/Jt  . ftr  COPtf^ratU 
%*t  = gr.l  (Mrf‘.iH-V.  for  in*  i?,n-i  vm  ties. 

*»*-  aaa'liar.*  u i--  :U  gross  wt  *. gnt  ar.c  redo  tions  *n  enq-r*  oe  sarsenet 
incuiUa  'r  *a:  'it  s 3- if  ana  r,QsH  4;  oo  not  r»- - Uc  t tU  loicT  ice  act  c* 
engine  siitficiflc.  ana  1'^.sfc  tnanats  a'or*e  on  not  r\prese-M  a*  aoeq^ete 
bii’.s  for  cstireat mg  t'tu'.ot'.  ir«  vtMclt  cost  Oo*;  u»  silencer  *se . To 
pro.  i <X-  tnis  oasis,  tne  coanges  m ver.i  le  design  necessary  to  acc&msoate 
tnese  O' rect  p or  .a  ? ties  raud  :*  Getem-int  d. 

i Hr  <Sc  • ife  i : •*;  C i.  c OL  j i b* 

U*-  4ir«,i  penalties  associated  *un  engine  si’ent’.ng  can  be  accotrc dated 
o.s  rtj,j:*,ric  v.'-'ik  x-r-or-Jd' ce  ra;*a:*’u>.  dinging  ft'^ck  der.gr-  to 
tv *r. tain  constant  per  torrent t carat -i "> i t _«  or  b_.  s o-»  conoinat  ion  o4  . 
At  one  v*.‘.rv:>_; . tntst  ot?alV.ei  tar  t»t  assesses  in  terns  of  tre.r  e'ft-ct 
on  itffiicK  pt- r f orwance  nnlj  ; *»  • to  silencer  wr.  esnt  decreasing  'ej: 
a-id;or  fee*,  loan  and  engine  Tosses  do creasing  noic  t capability , for*arc 
<i  .g*t  si*i‘.:  carat---*.  ana  ran  at-,  lrtn  to  is  aypro&cn,  vencU  gross 
Ktiv.t  #n3  CG-r-stqnvn*  * » airframe  weignt,  art  r.fcp-t  tor. s tan t alon-a  •.'•t*'* 
installed  ;vj»*e r , an c ven«< U des'.c1  is  affected  or  «>  v*e  need  to  prosiot 
str jc t ui'.'a - a 1 1 a t .Klin is  fvi  t*^:  silencing  syste"-.  i r. < s eppre^acn. 

s'fe-r , wolaics  t»K  basic  prer.ist  upon  sc*s  ne«  Vr'icle  dess  O'  is 
ored’ta  tec.  lines  ne*.  v-’.  > copter  ws-mcUs  arc-  «K  signed  5'  ne  -fora  sbeci’  -c 
fe<  isitfii  „ (.a;  re  o*.  * i?n  u ;v>r  ivnia’-u*  re  g*  * rcoent  s , e*»C  not  tc  soot 
art'  irSy  4 , es tat  1 1 s^u  *»  s.t  ;q'*i  Hmta'  iiy,.  Trt-  nest  a.vopr  .ate 
a;*pr  %cs,  tnee,  ’s  t>.  tons i Or r trit  mc-act  of  er.g'-ne  silencing  in  tot  c /.- 
tent  o*  wc'\*.ta  -.nine  :<a  s i c nissior.  capability  . e':lo«»‘r-  v^r.-.cit  *;ross 
wt-  gnt,  a'vfcart  «*v  g’  i , f wi  1 load  and  ir.sta'lec  power  u v«r/f  pv-. 
tee.  ‘*ng  oa/ioad,  range  *r,c  never  ceiling  capaiiiu.  constant.  As  c'  s- 
cw.  set  ’r.  a pre.iBo’.  wpjy;,  tn-.s  a p:  roam  nas  oeer  foil  owe  d m tnt 

P^ir  d#fr.r* t 

•Pa sic  «-iss tor  ca;*a:-i1it.'  *-*s  H-en  ds-'med  -r  terris  o’  ootr.  a no»-r  arc  a 
U..»vaf-c  finj-v  >. 'io»‘sanct-  reg  s rert-.t.  i»'ir-  nicor:  to  nove1-  oerf  jrr^r  cr  , 
-.-l-re’e  COr  f ' 'le-'r  . lOii.  w - 1*.  eS-di-t  siiencinv  sn  rv;.'rti  to  '-avt  r-  >s . c ' 
;.cf  irg  tapat-i*  it..-  eq^a*  to  tr*  i *•  res.-*:-c  v>  »'e  bavtlme,  --s’ Tenets  .p  uk, 
• ‘tf*  t*dws'  pa.. load.  Silenced  tyr.f  .go'ations  co  also  H-gpreJ  u »h»ic 
forstj-c  1 hgnt  speed  0*0  range  capat- » • i t»ec  eg tu  tnost  o4-  tne  oect- 
’iirf  *(  • ;U'  . aga'*-  w m tgoa*  i*a/To«1.  W*  tur.  tr<t:e  c-er  forr.ir  ce 

f k * \ T r?  *i  ri  i > , V*c  < R.  *£  1 \ \ * 0 ' VK:  > » > lfr,i  C > r»Q  f S>L  t u*v  i 0-*  *lC  .T  « C 

m terra  of  cecestc'-y  r^i’  '•*  vi-’icU-  gross  *»:.  • gr  * . airfiem  »i*.c*.t, 

t-.J'frtr  wt'V'n  Toad  6-d  H-vC,»  - • ®0  lOmr”  , 1/  'f.C  t*>f  ,rt.'Oo  ".. 

<k  .cr  -.tK:S  nt*.  lcopte-'  ‘Xsi-jr  and  up-'icrra r.ct  noot-T . 


I 


k’f«‘.Or;-or U>n  of  a*  irf.qinc  SliU.W!  if v r eases  ve'ltk  w-iQ M ttj  *r 

jtt/i  to  tot  silencer  wegr:  >»"i.  VeMili  e5r‘fi*  MetcM  *u  t 

4 1 VO  Irene* -0,  to  CiTi  t*H  added  s lie?. ter  weiqht.  Tf.is  tfeange  ir,  i:». 

wtlC'  'W  Itrtt  tf.crfcdses  Cross  weight,  reg>-!rlr..q  additional  €r"'.' *<C 
{>owt*  end,  tor.iv^-j* i-’-.i  i» , i*r<;r».avto  engine  we  i not.  Tntst  three  *•  ignt 
ctkir.gf  '.  incrravr-  try  it#  ■ loss  re: ;v*r«?3  to  k-S "* r. t*S  * r CO»  Vv-t*  l rer-ge  capa- 
bility. Additions  to  for'  load  ano  engine  weight  fw'thfcr  >nc rfcdSC 
4 -, rf  rar<  «'5M,  't-'Civv  weight  ana  «>**•♦  required.  ’he  -„U»«Wtc  grow 
weight,  JJr'ra-t  >*£  qrt,  M.tiiW  power  d'»3  nt'Qf-t  end  fuel  load  ca?-  Pt 

calculated  through  *n  ltrat've  solution  o*  tf*  ino.woua'  weight  anc 
power  relationships  involved  m too  analytical  method. 


Ir-  considering  the  effects  o'  engine  silencing,  two  of  tne  relationships 
of  lot  analytical  method  mwt  be  changed  to  account  for  c'rect  silence* 
induced  losses,  first,  excess  installed  roer  w ntqu-rta  because  of 
silencer  icwc-r  losses,  eics  art  c-ven  ir,  percentage  Unas  if  Tapes  ti- 
lt. Inis  effect  noSif ies  tv  installed  pewe'  relat  -onsnij  of  Equation 
resu’tir.c  ir.  a ne«  relationship  give?  by : 


1.41  . 
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h,\  = w;  /fr0)  (*  /*0>  ^ * Too' 
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<44 


utt'c;  _„f.r 


percentage  silencer  induces  engine  power  loss  - (t) 


fr.iwt  si  lent  me  also  cawts  an  increase  in  specific  fuel  consume t ion, 
w- : rt  ir.  t '.n.  c na roe v foe'-  loao  re-qui  reiver,  t s.  f'er.;er*ta?e  changes  if 
ftf.  * cor.SUTfptior.  for  Iff  SU5*  silencer  cor  f igjrat ior,v  art  gn-?r  If. 
i»:k>  '•  3- 1 * . Tr.is  effect  as>3i<  ies  tne  basic  fuel  loas  rt’a: - on sm,*  of 
Equation-  {37}  according  to: 
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v::. 
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w-.ert : '.tft  - percentage  silence?  induced  cn«r  >.  in  spec ' f H V. ' 

COr.StTC  t 1 Of. 

>e  pntceau-g  i?.*tc.'lv;  ;-s«t r «r*c  iu.  ' lo«;  relof  cr-sn;;  v w re  w-er 
includes  in  tee  osier  and  jerfonaar.ce  netnoc  and  wed  to  deterr.mc  tv 
total  incsact  o * er.c're  silencing  or.  tv-  "'.roc  stud>  vemcUv.  !r.pwt 
data  «r  c tasolme  c^rjetenstus  p»rtine*-«  tt,  tms  e»il«.st  it»n  4't 

surw‘4' 1 zed  »■  ’at- Its  H-  «nc  ’ ?.  k'-centaoo  cnanj,-.-,  in  jufrant  »c'gnt, 
e-  g’v  we  • 9*  t . en-pfv  installed  powe  r , fu'-l  1«:  ar  3 gross  *»«•*.  on  t . 
uUt’  ire  to  best*  if*  nVo,  nave  been  calculated  for  iac?.  le.el  c-f 
silencing  indicate:  m talks  53,  H arc  k.  3»*tse  calculated  c nances 
arc  ;-reser.tec  m figu'-c  4r«. 
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The  sensitivity  of  lift  cycle  cost  change  to  annual  usage  rate  ar.c  useful 
life  is  indicated  ir,  figure  53.  The  curves  mowr  relate  ICC  change  to 
useful  life,  at  constant  use  rate,  and  u.  use  rate,  at  a constant  useful 
life,  for  a fined  degree  of  r.oise  reduction.  Se  situity  of  i.CC  charge  to 
these  two  operating  parameters  is  similar,  although  the  sensitivity  to 
annual  use  rate  is  sofnewhat  ncrt  pronounced,  feeitner  parameter  influences 
the  percentage  change  in  life  cycle  cost  to  a significant  oegree  over  tr* 
ranges  shown. 

As  for  the  vehicle  desigr  cringes  discussed  previously,  the  magnitude  of 
cost  increase  resulting  fror  engine  silencing  is  t>es*  illustrated  by  con- 
sidering this  change  in  absolute  tertes.  Considering  «r  $>-£1  vehicle,  for 
example,  a 3 £Pftd&  noise  reduction  obtained  through  engine  silencing  would 
raise  initial  investment  cos  from  S 1 . 7 79  million  pe'  aircraft  to  $1.54£ 
Bill  lion  per  aircraft,  an  increase  of  $67,005.  Indirect  costs,  or.  a yearly 
basis,  would  rise  by  over  SSOCKj  per  year,  from  $147,050/ year  to  $15?, 005/ 
year.  Direct  operating  cost,  initially  at  $272  per  hour  would  go  u;  to 
5233.  per  hour,  an  increase  of  over  $6  per  hour.  Taven  together,  ar.d 
assuming  a useful  life  of  15  years  with  a usage  rate  o'  1500  hours/year, 
total  cost  to  own  end  operate  this  aircraft  would  increase  by  $293,000, 
fror  a baseline  of  $10,111  million  to  S10.ACX  icillior,.  This  represents 
an  annual  cost  increase  of  nearly  $20,050. 

EfftCTS  0f_  CHAN&tS  Ih  &AS£U«£  COSTS 


The  changes  in  elewntal  costs  and  total  life  cycle  costs  presented  ir. 
the  previous  section  are  felt  to  he  a realistic  estimate  of  the  impact 
of  engine  silencing.  These  changes  dt,  however,  reflect  only  present 
technology  and  economic  conditions  and,  ir.  addition,  include  errors  ’r.- 
herent  in  any  parametric  study,  where  general  trends  are  derived  fro 
available  data.  The  possibility  of  errors  in  the  baseline  vehicle  costs, 
presented  ir.  Tables  3&-20,  is  o'  particular  significance,  since  definition 
of  accurate  baseline  costs  is  essential  to  accurate  prediction  o'  changes 
in  life  cycle  costs,  further,  while  these  data  may  be  a good  approvina- 
t ion  irder  present  technological  and  econoric  conditions,  changes  in  these 
conditions  could  very  well  inva’idate  the  predicted  cost  changes,  for 
these  reasons,  ar.  analysis  of  toe  relative  impact  of  changes  ir.  baseline 
vehicle  initial  investment  cost,  indirect  operating  cost,  and  direct 

has  beer  Performed.  This  anaivsis 
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provides  both  ar  indication  of  the  sensitivity  of  Change  in  life  cycle 
cost  to  errors  in  calculated  baseline  cost,  ana  a nears  for  revsmg  life 
cycle  cost  change  predictions  to  reflect  changes  m base  ve  licit  costs  due 
to  changes  in  technology  and  economic  conditions. 


Tne  percentage  changes  ir.  e enental  vehicle  costs  due  to  engine  silencing, 
presented  ir.  figure  51.  reflect  physical  changes  ir,  vehicle  design  or.'r, 
arc  will  not  be  influenced  by  changes  in  baseline  vehicle  costs.  Life 
cycle  cost  changes  giver;  ir  figure  5?  do,  however,  reflect  baseline 
venule  costs  to  the  e* tent  that  changes  in  baseline  costs  change  t he 


ratios  r>et«eer.  investm-Tt,  ic.C’rcct  anc  direct  o:<ra tine  costs.  (fsargc 
life  c>;U  cost  s s felates  to  U»t  i»a  s e i r*e  cost  t enaer. t s ty  : 


:3-:0  ■*  hoc*  uoCq*^.  ’ ^ociaoc^-vp.. 


:o  ' • <«VVv 


(« 


wftert-:  &.CC 


H , ’ IOC,  "JOC 

:0.:oc0,^jc(? 

& 

R 
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operating  cost  d-je  to  silencing  (5) 

tasc  : me  ven-.cle  investment,  indirect  anc 
direct  operating  costs  (5;,  (5/ t£AR)  ($/**, 

useful  life  years, 
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Sensitivities  of  life  eyrie  cost  cnar.g*  to  paseline  elemental  costs  are 
reflected  in  tee  partial  derivatives  of  Equation  >'46)  w*tn; 
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tguation  (*7j  calculates  t*e  r>jrr^r  o'  pe rx er ta 9c  points,  if  absolute 
term,  tne  predict*:  charges  u life  cycle  cost  * 13  ve^  for  £ give*- 
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toe  h-SOD  is  mfluefcec  by  a charge  if. 
a use'u"'  life  o'  5 yea rs  a*-^  a ut’-ii^a- 


baselioe  investment  costs  were  tc  ear*  &y  *10;,  a .0318;  tnamt  ir.  lu> 
cycle  cost  wo,l c result,  increasing  toe  predicted  mange  ir.  PC’.  frer 
?.i£J  {t  2. AS'.  OorsnSernc  tne  influence  o'  baseline  !X,  ir.  tf.s  cast 
fo<  a use'-7  life  0*  2 0 years  «r.c  a use  rate  o'  3X  nrs/ye-ar,  a -*10t 
variation  if.  baseline  IOC  nojlc  result  ir  a .01%;  increase  it.  iirtcuttt 
life  cycle  cost  tnange,  mien  no-ltf  go  fror  I',  lit  to  ?.13t.  A sinlar 
cnange  m baseline  5X,  a 9am  for  a ?0  year  life  arc  a >0C  r.r/year 
use  rate,  wo-lc  decrease  ire  orc-C‘  c te c cna'  gc-  ir,  PCC  t>»  -.03t-5  , *ror 
£-11;  to  2. 07;..  iSkS  flemr  ;tf*tefi,  variation,  ir.  precictet  life  cycle  cost 
change  is  relatively  insensitive  tc  cringes  in  baseline  element 9'  costs, 
ft't*'  la^ge  variat ior,s  teg-ireo  to  produce  sigr-,f icar*  tnanges.  rt>wever, 
large  cnar.ges  ir.  elenerta":  costs  could  very  well  occu*'  e: tne"  due  to 
tecrjoloc/  change  or  crarges  in  prevailing  economic  tcr.S’tions,  anc  iroer 
tnese  c 1 re  instances,  either  t cuatior  [<&)  or  tq^aticr  ii7)  or  tie  aata  of 
latle  ?1  c«'  be  usee  to  adjust  predicted  life  cycle  cost  changes,  giver 
in  Figure  S?. 
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r*are  beer  evaluated  if*  terras  of  me  net  vehicle  noise  reOuctior.  obtain- 
able, consider inc  cctent  lal ) . offsetting  mooted  charges  in  vehicle 
Ofiiy,  arc  performance,  These  mcjced  oevi<r  anc  performance  changes 
a 'so  beer.  interpreted  n:  terras  of  cv'Vj  in  vtv.de  t«t,  anc  rn.es 
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Tfft  previously  described  helicopter  design  arc  performance  ahai>s,f* 
methdd  nas  beer  sit c tv  ctetemne  m<e  nature  and  extent  of  vehicle 
oecic'  changes  incite;  ty  change;  n * «*  various  rotor  design  parameters 
Tnc-  cnar-ges  u-  vt'V.tU  otcur  cons tOt-fvd  art  m,&ve  changes  necessar, 
tc-  maintain  e;*a*.'iHVd  mssur  performance  capabilities,  oe  fines  in 
terras  of  payload,  noner  ceiling,  fo r»arc  fligrt  range  ana  speed  ana  cou> 
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• bee',  use:  tc  determine  tne  extent  of  rotor  speed  rec^ttior  o:  la 
aole,  in  cor;trct,0'  »'tn  cnanoes  in  rotor  radius,  t'idde  cntro  or  Maoe 
fur  >er. 
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crea  int  tlaoe  chore  arc  blade  r-uw  are  ice'tica*.  a*e-n  consioersd  m 
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As  stated  ‘ o-'i ' » , stall  na^gm  has  beer  u-sec  tt  detertrine  allowable 
rotor  speed  reduction.  Sir.cc-  stall  marcm  decreases  ♦•it*  reduced 
rotor  speed,  rotor  speed  cannot  be  reduced  independently  to  reduce 
r*oise,  since  this  would  violate  tnc  established  performance  requi  resent 
tor  equal  or  create*-  stall  «Mrgm  of  reduced  noise  vehicle  corf i gyrations. 
Based  or  this  consideration,  rotor  ss-eed  reduction  nas  not  free?  treated 
as  ar.  independent  rotor  noise  reduction  technique,  and  rotor  speed  re- 
duction has  beer  evaluated  only  in  conjunction  wtn  offsetting  rotor 
oeonetr.  changes.  The-  approach  tafen  in  the  present  study  is.  t/e»efore, 
two-fold.  First,  the  effects  of  ret or  geasetry  changes  are  detent, mec, 
as  independent  variables,  in  the  content  of  increasing  stall  margin 
relative  to  baseline  venule  stall  nargin.  These  sane  changes  a*e  t her. 
evaluated  in  cor  junction  with  rotor  speed  reg^cti©?^,  u*  tn  tut  anour  t 
of  no  tor  speed  reduction  predicated  or  stall  margin  equal  to  that  O’  tnt 
baseline  vehicle. 


The-  following  changes  ir.  rotor  geometry  have  been  cons1  dereo  m'tr<  the 
preced'ng  approac* : 

(1)  Increased  rotor  raciuS,  in  Sx  increments , to  a itavirdjr 
?$"  radius  increase. 

(?;  Increase  in  blade  chord,  in  101  increments,  up  to  a 
50  s chore  increase. 

{3}  Increased  r.^toer  of  blades,  in  increments  of  one  blade 
up  to  twite  the  number  of  blades  or,  the  baseline  rotor. 


These  changes  nave  beer,  considered  independently , at  constant  rotor 
speed,  and  also  •it*,  rotor  speed  reductions  consistent  »ith  stall  margin 
req-irenents. 

EFFECTS  O’.  VEiKti  >:SIG% 


The  parameters  o*  ire  t* a-r  rotor  s t*tjngi>  influence  total  helicopter 
vehicle  oesigr,  and  charges  in  rotor  parameters  cause  significant 
charges  m vehicle  design  anc  perforrBar.ee  characteristics.  Changes 

• C i C S’y  o”u  p^fvr»TiirC^  C'jc  tv  "utv»“  pfl“«irtrr  ioriflt  tyiiS 

have  bee*  calculated  in  terras  of: 


• Gross  weight 

• Air  frame  weigh* 

• Engine  weight 

• Jhstallec-  power 

• :cr*ua'c  * light  frust  required 

• ‘stall  margin 
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'NcSC  tele  itx-  . resented  '=■  'dtiti 
Also  Sid***  Hi  lades  ?;-:£  i»x  r »r. 
S T a’  nw^C-if  CCui  . to  !'t  D4Stllfii 
rote*!  OtOBktf*  Cf*6t.-Ot  £ .i'«5U-2. 
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“*r  nottr  Speeds,  Correspond me  te- 
sta:! «(#!---?, , isi<>:uu:  »•**  eac* 


*r£'te  0*  vt-nicl*  cross  .5'-£  irsuIU-C  PC*.-  '.^rMV,Dc  rote-*' 

blast  art,4  ent  shown  in  i 19-re  SA.  The  data  snowr  relate  to  U.t  $-£! 
stud*  vehicle  Habit  ??/  o l).  Dot  imsSar  t*-encs  arc  evident,  sr  l*;lt» 
?5  ara  ?4,  for  the  &-20i  &nC  H-£X  Study  vehicles.  Sr,  tiOjnt  S4A,  orcus 
we  nr t i$  seer  to  ir.trea«  with  rotor  radius,  t-1  age  ciprc  ar.c  oUae 
r.jr^r.  n-ff  identical  trends  shown  for  chpr^j  and  elate  nurt-er.  fetor 
rat i us  increases  cross  weight  scst  cjh*  K arc  tie  trend  manatee  is 
nonlinear,  w^th  increasing  scop*.  This  is  doe  to  lit  fact  that  rotor 
radius  growth  necessitates  an  increas-  2 fuselage  sue,  m 4331  t»C'  to 
increased  structural  weight  doe  to  load  ret-' rere-nts . The  na » 1 my  2b' 
increase  ir,  rotc,r  radiys  results  in  a increase  in  remit 
gross  weight. 

The  trend  of  g^ss  weight  »Uh  either  chord  or  blade  r.ii*fr  is  linear, 
a-  z less  steep  tii'  lie  trend  with,  rotor  radios.  In  this  case,  c.rir&nt. 
we.gr*  or ; y increases  cue  to  tie  added  rotor  s/s  ten.  weight,  anc  tne 
added  structural  weight  needed  to  support  tie  heavier  rotor.  Or.*/  a 5-1 
gross  weight  increase  is  indicatec  for  a 2b-  blade  area  change,  wiener 
due  to  ti&rc;  or  :>!aoe  njnoer  increase,  footling  toe  chord  or  nunt-er  0* 
blades  causes  a H. increase  in  gross  weight. 

Tne  trends  of  installed  power  mtn  cnora/blaoe  nuitx?' , and  rotor  rac-,y< 
ar*  give-  m figye  >ii.  Installed  power  is  shown  to  increase  !is*ar-.v 
w! \n  both  rr>o»*d  >'*o  blade  '•.•sr*£,£*' , but  to  decrease  nonlinear !v  u' **  reter 
radios  increases,  in  tn;s  case  win  decreasing  lab  so  lute ; slo>. . A 9.’-. 
installed  power  reduction  is  indicated  for  the  rsa ntw  ?v,  rotor  radius 
increase.  Installed  rowe*-  increases  (.1.  for  a ?S  increase  -n  Elite 
area,  whether  o.*e  to  blade  chord  or  blade  fii/noer.  Doubling  tnorc  o- 
nurcer  of  blades  increases  installed  oo^r  &> 

~r*c  date  of  figure  >£  si:**  onl  * ar  insignificant  c*  f ference  in  tie 
effects  of  rotor  oeometr,  cnjr.ges  evaluated  alone  aid  evaluated  m 
coniuhcl'or  wv  rotor  speed  reoxtHr.  The  rsagnitwde  of  rou-r  speed 
refluctior  considered  in  these  data  is.  However,  relatively  sisal!,  as 
indicated  in  Ficye  to.  'ms  figure  relates  rotor  tip  speed  to  ciar  oe 
ir.  blaot  area,  a**c  tie  c-rits  shown  represent  lines  of  corsta-t  stall 
wgm.  As  slow  , or* 3 / a 3.1*  neCucticw  m rotor  1 1 £ speed  can  &e 
accoirodated  P,*  a lb  radius  ir,:rtast.  A 1. 1\  rea-ctior.  ir  r*ttr  sp-ee; 
is  indicated  for  a sin  Jar  ?v  tlate  area  increase,  accono'mec  c,* 
increasing  cnorc  or  olaae  nunr*er.  A 3?.  tu  speed  reduction  car  t*e 
obtained  t>j  ooupling  either  blade  chore  or  plate  r.jxer. 
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* i O' s D«Of  u 

15&05 

SSI  6 

69C 

3365 

19403 

36 

L 

“6 

c 

*20"  Cnc r - 

2012? 

935 

695 

3132 

15707 

42 

*35’  Oton! 

2944? 

9592 

■ 703 

3206 

2302  3 

47 

£ 

c 

c. 

♦40"  O»orc 

20?66 

966? 

71  7 

3277 

20335 

51 

c. 

*- 

♦ 53“-  Cnora 

2109S 

9973 

72€ 

3346 

20649 

54 

c 

2: 

♦ 5 feadvjTj, 

19692 

6660 

671 

2917 

19263 

33 

♦ 10*  Rad’ys 

19925 

634fc 

61  3 

2664 

19514 

35 

♦ IS  fca  3 1 us 

201  79 

9326 

ess 

2795 

197fc? 

3c 

♦20"  Radius 

2051-t 

9223 

6SS 

27SS 

23333 

41 

♦26".  Radius 

2078c. 

9«2 

. 64  S 

2 725 

25355 

42 

f 

G^OSS  Air  franc- 
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E3ade 

-2,Y i JR 

20i  2f 
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-6,9'. 

20757 

96  7 i 

■» J Blades 
—6-  31  ^ 

?3^v 

1024'. 

*»4  E « a^es 
-19.  3"  ..*•: 

2/02: 

]0&>  3 

?*£  Blades 
H2.tn  jr 

22662 

1 i 386 

klQ“  Cftorc 

L » 7“  'ft 

| «•  k.  < ‘.T * 

19813 

8819 

*299  Over  a 
1-2.91  .,* 

5 

20126 

9102 

i»33-  Cnor4 
U.4 

20443 

9336 

j*42r  C^o*'- 
t-6, 9 ofi 

20738 

9071 

»STi  C-Rord 
j-7.?-  .if. 

21072 

9936 

Radius 
■-u-  .If. 

19635 

r . r r~.  r 

<X>~Z- 

HI 9”  Radius 
: .0;  or 

1933; 

8834 

h13‘.  Raouls 
- . 8;  ;<ft 

20191 

9039 

r»29“-  Radius 
i-2.4; 

20487 

9243 

i 

H?3  Radius 

j- 3. 1 .1* 

2081C 

9461 

l 

4 


* 


I 


I 


vl  ? i ''  Cofi  £ I i«*  ip  C 


ror>arc 

£*^1*1* 

Ir.stal  led 

f 1 

Sta  1 1 

li; 

Weight 

f*p«er 

Tf.r»st 

»ar  :-,r. 

S:*t£d 

<1D; 

(HP  } 

(it.; 

f * t s ; 

f H sec , 

699 

3136 

19711 

33 

6 32  ! 

717 

3277 

20323 

it « 

t,  j 

734 

34?0 

20941 

33 

391  2 

732 

3366 

21 335. 

32 

362 

s 

770 

3712 

22179 

32 

t --  ■ 

■ i ] 

691 

»68 

194% 

32 

6T 

i 

: 

699 

3136 

19711 

33 

633  ■ 

708 

3237 

20020 

33 

620  ; 

717 

3277 

20323 

38 

6 i C i 

726 

3345 

236  i. 

32 

622 

1 

1 

C/£ 

*•»<“■*** 
c 7r  1 

* f V.  f 

-0  J 

5 

-2  r * 1 

V“**  7 -» 

663 

2837 

19320 

33 

y 

o4r  -j 

636 

2833 

19774 

33 

- - ->  ^ 

ti,  i 

i 

631 

2763 

20032 

K « 

k*1  V 

633  j 

647 

2733 

20375 

629  j 

u; 


nJlkikL  iii; 


w&a  :?. 

• f f £ „ T S 
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s :v  to 

106  ’TO'A*!;.  ’ t 
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h-  SOD  Vi 
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i 

i 

* i 

| 
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- 

G^oss 

fcirf ra~t 

E'-.g-Rt 

Ir.sla'iitC  FI  -.CM 

Sl£  ■ i 

' 31, 

f<s>-anete- 

ter’C^-.X 

■*  • 5‘4 

We’-g' t 

r,ower 

i6r*,s; 

SpeeS 

Va^ec 

■ \t 

0t7 

- Ifcl 

f.H?, 

flt 

{•wt 

f ft  'stc  / 

Ba  ie  1 < n* 

?f*Sv 

132? 

i4u 

31  7 

24D5 

2 ' 

646 

*1  Blate 

2tn 

139? 

143 

3 3D 

247? 

47 

4 

*»2  B'ieaes 

2-706 

1464 

147 

345 

255  D 

37 

*•3  ola3e» 

n*A 

IS3t 

H-C 

359 

?#>4 

63 

% 

i 

: 

r*4  Slaves 

2664 

1636 

154 

374 

2c-  53 

70 

i 

i 

| 

C 

c 

C-nor.j 

7tC' 

4. 

1330 

141.4 

322.  i 

24  24 

36.2 

i 

c 

. 

| 

■c 

c 

,*•203  CJvorc 

2cic 

1373 

142.6 

32& 

2452 

4. 4 

| 

a 

j 

r 

4 3D’  Cn&rd 

2643 

14D7 

144./ 

334 

2492 

4i.e 

c 

c 

C3 

j*4?i  C%o-c: 

26  74 

U3S 

145.6 

335 

2321 

32 

i 

i 

■•ST;  t«ora 

2?0t 

14fc4 

14  7 

345 

253 

r *7 
^ rf 

r 

••S'  fcac^s 

23  ?6 

i 33? 

i 3fc 

3» 

24  33 

35 

-*'.-Dl  Radius 

Z'lT* 

1341 

126 

3D? 

246: 

32 

• 

■•5S  ftaflius 

2 tV, 

i>:: 

T - I 

t ;: 

253 

24  52 

4 D 

1 

,j*2T-  Stacui 

2t  S3 

1351 

134 

295 

2343 

42 

/ 

,1 

j*29'?  Rasmus 

2753 

My  3 

134 

293 

: 2555 

43 

f 

b?  Blades 

i-a.5-  -* 

>*3  Blades 
-11.2':  ft 

M Blades 
-n.4  p. 

klOJ  Chord 

j-1.7i  :& 

I 

■+20'  Chord 
J-3.«  'M 

t 

•*Yi%  Chord 
:>R 

i 

i*4£h  Chord 
|-6 ,%  . (ft 

i 

f*SD;  Chord 

r-8.  J 

•♦5*,  Radios 

M.V,  .$? 

f*  7 fj . ri  i i/$ 

*-2  A 

(+15*  Radius 
-3.1'.  .ft 

r*20'  Radius 
[-3.2  -9. 

i 

t»25;  Radius 
i-3.7,  lift 


TABLE  ?4.  EFFECTS  Of  CHANGES  lh  ROTO41.  PARAMETERS  0». 
b-205  VEHICLE  DE  SI®  AND  PERFORMANCE 
1 ! 1 1 ! ! 


I 

] 

\ 

J 

\ 

! ■ forward 

1 

i 

j ; 

Gross 

A)  rf  rant- 

Engine 

Instal led 

Flight 

Stall 

n; 

| Pa  ramp  ter 

yeignt 

Uemtit 

Me  i ant 

Power 

Tr.rust 

Itergir 

, Speed 

Varied 

(16; 

{lb) 

{lb) 

(HP) 

w 

(*ts) 

{ft/ set) 

r i 

jBaseline 

9600 

4101 

j 329 

1400 

1010)  1 

74 

1 

1 814 

|*10'  Cnord 

9605 

4197 

j 331 

• 1420 

1 

10211  i 

1 

84 

! f 

j*20-  Cnord 

9716 

4298 

334 

1444 

1G329 

92 

I 1 

1 

- 

i 

!*3Q’  Cnord 

1 

9825 

4396 

337 

' 1466 

10443  1 

i 

98 

£ 

yo 

j*4QL  Cnorc 

9936 

4498 

1 340 

1491 

10562  j 

104 

e* 

i 

j*5QL  C^ord 

1 i 

10048 

4593 

343 

1515 

10678 

109 

(f— 

|*5",  Radius 

9591 

4158 

323 

1361 

10197 

78 

•a 

*10;  Radius 

9705 

4226 

; 319 

1 332 

10317  j 

83 

•C 

a 

*15E  Radius 

9836 

4 308 

316 

1308 

10457 

86 

! C 

.'*29,  Radius 

9990 

4398 

313 

1290 

1 061  7 

89 

I 

! ! 

'*25*,  Radius 

l 

lOlfS 

4499 

311 

1278 

10801 

99 

1 

i*lOL  Cnord 
-Z.2'-  ;* 

959) 

4134 

330 

14)8 

10197 

75 

’ 796 

*20“  Cnord 
-4.2,  :» 

9660 

4266 

332 

1436 

1029't  ; 

75 

780 

* Cnord 

-6.0‘  * 

97/7 

4353 

336 

1456 

10393 

75 

765 

*49  Cnord 
-7.6  .“it 

937 2 

4426 

338 

1477 

10493 

74 

j 7* 

i*50“  Cnord 

I 

-6.91 

9366 

4524 

341 

, 1496 

l 

10592  j 

74 

741 

i 

♦ 5"  Radius 

J 

i 

i 

l 

! 

i 

t 

i 

8 -TR  j 

9536 

, 4154 

j 323 

I 1 361 

i 

10191  . 

75 

j 837 

164 


TABU  24  (COHaUPtiD) 


r~ 

jParaweter 

Varied 

T 

4 

Grcss 

Weight 

] 

Ai rfrane 
Meicfit 
Ob) 

£r,q;ne 

Weicht 

w 

I 

Installed 

Power 

. («P) 

] 

Forward 

FI  ight 
Thrust 
(lb) 

} r 

4 

Stall 
' Margin 
(kts) 

5 

j 

Tip  : 
Speed 
(ft/sec) 

*•10"  Radius 

1 

I 

f- 1-64  :;ft 

9693 

4217 

318 

1329 

10304 

76  ! 

801  j 

*15t  Radius 

' 

; 

■f 

-2.fi'  OR 

9820 

4292 

315 

: 1305 

1 10438 

76 

794  * 

*2Q?  Radius 

4 

i 

1 

i 

I 

r 3.3  -. 

, 9%e 

4376 

313 

. 1287 

10594 

| 

76 

787  .. 

r*25t  Radius 

j 

| 

■ 1274 

-■T  - - --t  T,  

1 

1 

i 30773 
- 

j 

i 

r 3.<?1  .H 

110138 

4473  j 

3)1 

75 

782  | 

ft)  Pflt«K  • HP 


?u  <C  60 

l&LAit  MCL*  - S 

8.  lea  Vs  flaae  At** 


Effect  o*  Main  Rotor  Blade  Anea  Change  on 

$-61  Gross  Weigt.t  and  Installed  Ptwer 


16t 


The  magnitude  of  venitie  gross  weight  increase  assoc idled  with  the 
va noii'  rotor  systesv.  changes  strongly  indicates  that  noise  redactions 
anticipated  to  resell  from  the  rotor  syster  cringes  would  tend  to  be 
offset  tij  increases  in  ncnse  due  to  rotor  thrust  increase.  Based  or. 
inis  indication,  it  »<as  decided  to  use  a sinplifiee  rotor  noise  calcula- 
tion method  to  determine  tv-  appro*  mate  magnitude  of  achievable  net 
rotor  noise  reductions,  anc  based  on  the  results  of  these  calculations, 
decide  whether  to  proceed  with  the  more  involved  rotor  and  total  vehicle 
noise  calculations.  This  approach  was  arrived  at  as  a result  of  economic 
considera  liens  and  was  paved  on  the  precise  that  unless  significant 
rotor  noise  reductions  were  shown  through  the  simple  analysis,  no  worth- 
while reductions  would  oe  calculated  for  the  total  vehicle  using  the 
detailed  analysis. 

APPRO  I UK  T£  ROTOR  V*1S£  CALCULATION  METHOD 

The  simplified  rotor  noise  calculation  isethod  choser.  tor  use  was  ootamed 
fror  Reference  02.  This  equation  relates  the  nagr-Hude  of  the  high  fre- 
quency random  conponen t of  rotor  noise  to  rotor  speed,  thrust  and  blade 
area.  Tne  change  in  rotor  sound  pressure  level  due  to  these  contnnec 
variables  15  given  by: 


lSPl  - <0  to  3j0  {*& 


20 


Log  (T/To)  - 10  Log  { 


A6, 


where : '.SPC 


Change  ir.  sound  pressure  level  between  baseline  and 
modified  rotor  {do) 


TSi, .7,  At  = tip  speed,  rotor  thrust  and  total  vjTjcit  blade  area 
cf  modified  rotor 


~WA&  * 

o 


np  speed,  rotor  thrust  and  total  rotor  blaoe  area 
of  baseline  rotor 


Equation  {48}  has  t*een  used  tc  estir&ate  the  miirnr  possible  rotor  s/ster 
noise  reduct ior.  obtainable  witr,  tne  various  rotor  system  parameter  change 
considered.  Toe  results  of  these  calculations  are  siararized  ir.  Tables 
20-27 , for  the  three  study  vehicles.  Also  given  in  Tables  20-27  a*e  the 
rotO'-  system  p*rieters , blade  area,  rotor  tip  speed  and  thrust  required 
used  to  make  these  calculations. 


^r.ing,  8.  u.  and  fe.  G.  Schlegel.  "Prediction  Hethods 
Helicopter  Rotor  Aoise*  , CAi/AVj.ABS  Symposium,  June 


and  Trends  for 
1969. 


TASLt  25.  APPOOKJ'&n  miltW,  ROTOR  SVSTOt 
WISE  RIDOC'ION  - S-61 


r i 

j 

^Pa  rant  ter 
Varied 

3 

9 

1 

Blade  Area 

(ft) 

i 

j 

Tip  Speed  • 
(ft/sec) 

1 

f 

Thrust  Required 
(It) 

- 3 

j 

feaseline 

231. & j 

4 

649 

19506 

~ 

*2 5*  Rotor  Rad 

289 

649 

20355 

'♦SOI  Chord 

347.7 

649 

20649 

-5  .Oe 

>*5  Blades 

463.6 

649 

22231 

-1.67 

*25%  Rotor 
Radius  - 31  LTR 

i 

285 

629.3 

20376 

-.68 

*50%  Coord 
U7.?%  r* 

4 

347.7 

60? 

2963! 

1 77 

“ * * • *" 

1*5  Blades 
**n.9s  :* 

i 

463.6 

571.2 

22175 

-2.62 

165 


Ubwf.  >e.  kwftoiixk'i  mu«j*  rotor  svstb* 

*01  S£  fSDUCTIQfc  - h-SX 

’ T ? T 


Paraneter 
■ Varied 

Blade  Area 

!fO 
■ •/ 

lip  Speed 
(ft/sec) 

Thrust  Required 

(H >} 

u£: 

fca  seline 

29. 5 

647.7 

2405 

- 

*♦25*  Radius 

36.6 

642.7 

2595 

*5 

w -J 

*50’  Cnora 

44.2 

647.7 

2550 

-1.25 

-4  Slades 

59 

647.7 

2699 

-2.00 

«*25‘-  Radius 
r3.fci  JR 

36.6 

624.4 

2596 

-.6 

*«S0  Cnord 

-6.59  .OR 

44.2 

592.8 

2546  | 

-2.0 

*4  Blades 
rl  3 

59 

560.9 

. ! 

2695 

. 

179 


TABU  2/.  APPWUHKiTE  ROTO*>  SfSH* 


*G1S£ 

K "V-  : ? 

■’•h  w • * 

Oh,  5-205 

{ 

» 

! 

T 

Parameter 

Varied 

j 

' 61  ade 
(ft 

Area 

i 

lip  Speed  Thrust  ftequirec 

(ft  fj*  1 tip) 

’./it, 

(Basel  me 

89 

EH 

10101 

- 

*25'  Radius 

105 

8K 

10801 

-.4 

*50'  O»ora 

1?£ 

eu 

10€  76 

4 

I 

♦ 

-1.3 

r*25".  Radius 
r3-9i  :& 

105 

i 

76 2 

, 1C773 

-.8 

KS3'-  Chord 
(-6.9;  :.* 

m 

i 

741 

i 

10592 

i 

-2.2 

in*  rotor  ijrvten  noise  r*o„cl'tons  rncicatec  ir.  ladies.  are,  u. 

toenjs*) ves , sn*s'l  and  their  sign f icar.ce  is  further  reduced  if  considera- 
tion is  given  to  their  probable  impart  or  total  vr-uH  no i se . basec  or. 
the  discussion  of  helicopter  component  noise  source  sig*-  if  icance,  pre- 
sentee in  a previous  sectior  o'  this  report,  the  nurr,  rotor  and  engine 
contribute  approximately  equally,  arc  their  contributions  effectively 
determine  the  total  vehicle  noise  signature.  Or,  this  basis,  a rotor 
system  noise  reduction  of  3.2  dE,  vrtiich  is  the  maxing  shown  in  7ables 
21-21,  Mill  result  in  approximately  a 1.6  dt  refiuctw,  in  total  vehicle 
noise. 

The  noise  reductions  of  Tables  ?5-?7.  al though  approximate,  are  a 900G 
indication  that  only  a snail  reduction  in  helicopter  noise  car  tie 
achieved  by  modifying  the  itair,  rotor  m the  manner  studied.  These  data 
are  not,  however,  sufficient  to  dismiss  further  consideration  of  these 
methods,  since  even  the  suall  reductions  may  be  of  benefit,  provided 
that  the.*  c an  be  achieved  at  reasonable  cost.  To  ascertain  the  costs 
associated  with  the  application  of  these  methods,  the  design  arc  per- 
formance data  of  Tables  22-2*  have  beer  used,  with  the  establishes 
helicopter  cost  model,  to  calculate  induced  changes  in  vehicle  life 
cycle,  and  elemental  costs. 

COST  ANALYSIS 


Calculated  changes  in  helicopter  cost  associated  with  the  various  rotor 
sys ter  nnise  reduction  methods  jre  suwitec  in  Table*  2r- ?’•.  Cost 
data  snowr.  reflect  the  rotor/vehic  le  configurations  with  the  greatest 
potential  noise  reduction,,  as  indicated  in  Tables  25-27.  Life  cycle 
cost  changes  snowr.  are  for  an  assumed  useful  life  of  IS  years,  with 
annual  use  rates  of  530  and  1530  hours  per  yeir. 

Comparison  of  the  ccst  data  of  Tables  2b-V-  with  the  approximate  rotor 
noise  redaction  data  ?f  Tables  25-27  reveals  that  the  cos*  of  reducing 
helicopter  rotor  noise  levels  is  very  high.  Considering  the  S-fci  study 
vehicle,  for  e*anplo,  increasing  rotor  size  by  25- , raises  life  cycle 
cost  by  over  5.7:;,  for  a ISDj  bou»  per  year  use  rate,  and  toe  cost 
differential  is  greater  for  lower  annual  use  rates,  *n  absolute  terms, 
toe  ?5'  greater  rotor  radius  increases  life  cycle  cost  t*y  almost  S.t 
niilior  dollars,  or  more  than  S36,9D5/year_  This  rotor  design  charge 
reduces  rotor  noise  by  less  tton  .Sd&  which,  in  all  probability,  wo-lc 
produce  no  measurable  change  ir.  total  vehicle  noise. 

The  most  beneficial  rotor  design  change,  doubling  tne  r.unoer  of  blades 
and  reducing  rotor  speed  by  approximately  121.  raises  life  cycle  cost 
tf  almost  33  . This  translates  into  a S3. 05  pillion  dollar  life  cycle 
cost  increase,  or  in  yearly  terms,  over  S2D3.933  aided  annual  cn>\.  In 
terms  of  total  vehicle  noise,  as  discussed  previously,  the  ?.H  <JE  rotor 
noise  reducticr  associated  with  tr-,s  desigr.  change,  would  probably  only 
result  m a 1.6  dp.  reduction  ir.  vemcle  noise. 
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» 
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fri 

saoc-t 

1 

9 

« 

3X  rtr./Yr 

1 SOC  Hr.'Vr 

'♦25*  Ra  Ji  us 

n.S4 

12,<i 

8.U 

3.74 

’*59'  Cnord 

16.77 

’ 16.81 

5.9* 

13.14 

S.'lB  ; 

*♦2 S'.  Radius 
-3.9"  .TR 

10.  n 

; 15. S? 

.?! 

7.49 

3.  3‘! 

j*53'  Cr«orc 
rb.9  .>. 

U.2- 

14.26 

t.  H 

4 

11.16 

7.6% 
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Because  oi  v<  mqr.  tost  to  Penc- ‘ i t ratios  determined  for  the  selected 
rotor  no ’.so  reduction  raethods,  it  was  concluded  that  these  Methods  are 
r*ot  practical  neans  for  reducing  helieopter  «iu-,  and  that  further 
analyses  o‘  these  raeuocs  was  not  warranted.  Consequently , these  tvthods 
•acre  not  evaluated  with  the  raore  involved  noise  calculation  technic. '^s 
originally  intended  for  use.  however,  a sr-a’l  r.jrsber  of  rotor  noise 

redaction  design  changes  were  subjected  to  farther  evaluation  in  oroe  to 
verify  the  appropriateness  of  the  approxisute  noise  calculation  netnoo. 

!r  all  cases  studied,  the  involved  noise  calculation  technique  indicated 
noise  redactions  similar  in  magnitude  to  those  obtained  with  the 
approximate  method. 
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APPENDIX  l 


HEll  COFTtr  F AftAJCtT  H I C WEIGHT  ANALYSIS 


I ?t  TlfeDDUCT  I Ofi 

This  Appendix  presents  the  para.meti  ic  weight  analysis 
used  to  calculate  helicopter  component  weichts,  usmc 
IiEsatea  data  such  as  are  available  in  a typical  pre- 
design  situation.  Three  categories  of  data  are  used 
:n  the  cc-a^xonent  weight  equations; 

1.  Input  Data.,  generally  the  result  of  analysis 
of  helicopter  ve  r fcraance  specifications.  An  exarple 
is  Rotor  Radius. 

2.  Intermediate  Data,  where  actual  values  may 
be  used  if  known  ? roa  design  definition.  I?  an 
actual  value  is  not  available,  an  intermediate  data 
value  can  be  calculated  using  input  data  and  the 
equations  given  heren.  An  example  is  Tail  Rotor 
Radius.  If  not  known  fros  dosic  definition,  the 
tail  rotor  radius  fir.  feet*  is  estimated,  using  input 
data  only,  by  .587  (Rotor  Radius’1-22. 

3.  Calculated  h'eioht  Data,  where  the  weight 
calculated  by  a weight  equation  s used  m a sub- 
set: jer.t  weicht  equation.  Ar.  example  is  Eiade  Weight, 
which  is  s ufcseqitent  ly  used  to  calculate  Hub  Weight. 

In  the  parametric  analysis  which  follows,  each  iter 
is  listsd  ir.  the  order  in  which  it  appears  or.  the 
standard  AH  Weight  Statement  per  Kil-Std-<S1.  Fart  I. 
Each  itetn  is  listed  with  an  equation  and  a definition 
of  ail  terms  used  m that  equation.  The  terms  may  use 
any  of  the  three  data  categories-  r?ve  rationale  used 
to  find  a component  weight  for  the  war?  cycle  s y s ter 
is  shown  after  the  equation  definition;,  a applicable. 
Each  equation  pace  is  followed  by  a era;  n showir.c  the 
equation  and  the  data  used  in  its  derivation.  This 
p a r are  trie  analysis  is  a cuide,  to  be  usee  with  care, 
and  1 roved  with  use. 
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5vnt>o  I 

■ ■A  

Hjw 

KHR 

NR 

N'JLt 

P,H 

S 

SDG 


?AF  ® 


Data 

Max: rLlff  Operating  Weight  - I£»s 

Number  of  Nam  Rotor  Blades 

N mater  cf  Wain  Rotors 

1*1  ti  sate  Load  Factor 

Hair.  Rotor  Rx.ii us  - Feet 

Ham  Rotor  Solidity 

Weight  of  Engine  Speed-*>ecreaser 
Gearbox  - Lbs 

Type  of  Aft  Fuselage  - Value s/Con f igur at  ion 
If  - Full  fuselage  depth  at  splice  of  sain 


fuselage 

tc  aft  fuselage. 

Exaspic : 

cull 

-*» i -aV* 

9 - 

T* i 1 boor 

configured  for  rear  range . 

Fxastp  1 e : 

CH5  ? 

10  - 

Tax Iboon 

without  rear  reap. 

Example : 

nil  9 

13  - 

Ful I f use 

lage  depth  at  splice  of  Ram 

f US&i^TC 

tc  aft  fuscisae  and  with  a 

tail  whee 

2 full  aft. 

Exarc  le  : 

HH2D 

i.  ^ ~ 

Ta 1 1 cone 

upswept  fres  fuselaoe  splice 

Exanp  1 e : 

UH1D 

tv_ 


INPUT  DATA  FOP  PARAMETRIC  HTIGHT  ANALYSIS 


iW 


ISFl'T  DATA  FOF  FAFAXFTS 


W ; I GH7  ANALYSIS 


ysto  1 
TPY  = 


VM 

WENG 


Dat  a 


Type  of  Pylon  Configuration  - Values /Con f icurat 
(depends  on  type  of  aft  fuselage) 


14 

Tailcone 

upswept  fro*  fuselage  splice. 

Exaap ie : 

OH  ID 

25 

Ta:  'boor 

without  rear  r any . 

Exas^  le : 

IfH  1 9 

4 5 

Tail bcoK 

configured  for  rear  rafsp  - 

E xa  *p  1 e : 

CHS  3 

LOT; 


46 


Full  fuselage  depth  at  splice  of  Bair, 
fuselage  to  aft  fuselage. 

Exaatple:  SK3A 


62 


Full  fuselage  depth  at  splice  of  nam 
fuselage  to  aft  fuselage  and  with  a 
tail  wheel  full  aft. 

Example:  HH2D 


Mam  Rotor  Tip  Speed  - FP5 


Total  Weight  of  Engines  - Lbs 


- •v> 


BLADE  WEIGHT  < W fe L ) 


WBL  - 

w(wr<;  : 
NOW  = 
MOW  * 
MULT  = 
Afi 
E 

Afi 

RM 

CB 

NMF  * 
VN 

DMSP  = 
DM 

HOF  = 


io4i- 


AF  7!  VK 


.NOW  x K-JLT 

1 Too 

htt 


DMAS 


TST 


X MCfF 


TTV 


Normal  Gross  feight  = 2.145  x MDW'®^ 

NaxiEui;  Operating  Weinrst  - Lbs  - Input  Parameter 

l'lt;ute  Load  Factor  - Input  Parameter 

Blade  Aspect  Ratio  = B*/AB 

Rotor  Diameter  - Feet  - Input  Parameter 

Total  Blade  Area  - ixj.p’t.  = RM  x CB  x NMF 

Main  Rotor  Radius  - Feet  - Input  Parameter 

Main  Rotor  Blade  Chord  - Feet  - Input  Parameter 

Number  of  Mam  Motor  Blades  ~ Input  Parameter 

Main  Rotor  Tip  Speed  - fps  - Input  Parameter 

Disc  Loading  x Hunter  of  Rotors 

Disc  Loading  - Lbs/Sq.Ft.  = MOW/tRM* 

Effective  Nussber  of  Rotor  Blades  = 14.259  x S’*'' 
Main  Rotor  Solidity  - Input  Par  i>?  ter 


• ft  ■ 


HUB  WEIGHT  -'W-iUfe 


WHUB  = 

whe  re  : 
KB  I s 

RM 
RP*t 
VM 

QMF  = 

HP  1 = 

nor 

s » 

1Y 

RE%i  * 


0104 


1-12“  _w„.405  .._r.05s 
,Xhl.  x.5R*URFK*xlC  } **  0F 


IY 


TT3TT 


Blade  Weight  - Lbs  - See  Blade  Weight  Equation 
Mam  Rotor  Radius  - Feet  - Input  Parameter 
Mam  Rotor  rpr  » 9,549  x VM/ RK 
Mam  Rotor  Tip  Speed  - fps  - Input  ParaF*;-ter 
Main  Rotor  Torque  - Ft -Lbs  = 52 SO  x HP1/RPM 
Mam  Rotor  Horsepower  - Input  Parameter 

4 'j-i 

Effective  Number  of  Rotor  Blades  - 14.259  x S' 

Mam  Rotor  Solidity  - Input  Parameter 

Aircraft  Pitch  Inertia  - Siug-Ft4'  - If  Known, 
otherwise  use  , €29€  x JO  ^ x MOW^'fc3_r 

Maxissup  Operating  Weight  - Lbs  - Input  Farasetcr 


(whujo  :mp  wrir.KT 


BLADE  FOLDING  t FLDi 


Power  folding  weiqht;  A Iimted  number  of  statist: ea! 
samples  exist  forming  almost  a single  point  when 
plotted.  The  correlation  outside  this  specific 
grouping  is  unpredictable.  For  this  reason,  a penalty 
was  derived  based  on  a current  model  in  the  higher 
gross  range. 

FLD  - . 12 (WBL  + WHDB) 


i WT  P . 


TAIL  RUTVJR  WZIGH7 


K7R 


K x 10  t (P.~  x C > K x VM2) 


1 .29 


where ; 


RT 

Tail  Rotor  Radius  - 
use  .067  x RK* ' 2* 

Feet  - If  Known,  otherwise 

P.M 

- 

Kain  Rotor  Radius  - 

Feet  - Input  Parameter 

C 

rail  Kotor  Blade  Crvord  - Feet  - If  Knowr, , 
otherwise  use  .092  x.  rm'**^* 

K 

= 

N unc s r o t Tdi  1 Po tor 
use  1.062  x RT ' 7 ' ^ = 

Blades  - If  Known,  otherwise 
.1606  RM’943 

VM 

E 

Main  Potcr  Tip  Speed 

- fps  - Input  Parauaeter 

k 

= 

.16  3 (Constant  - Cor*. 

ventional  Geared) 

»&5 


KORUOSilAi.  STAMl.IZEP  (WHS  S 


WHS  = . 004  9 J ATT  x LTT"7®  x < D M X 1 0 » 2 x TAF *^6j 


where : 


A IT 


DM 


Ml’W 

RM 

LTF 


Horizontal  Tail  Area  - So. Ft.  - If  Known, 
otherwise  use  1.433  x DM~'^ 

> 

Disc  Leading  = HQ4*/ ? RM 

Maximur  Operating  Weight  - Li>s  - Input  Parameter 

Main  Rotor  Radius  - Feet  - Input  Parameter 

Distance  Fror  £ Ham  Rotor  tc  the  Leading 
Edge  of  the  Horizontal  Stubilizer  - Feet 

If  Known,  otherwise  use  . 9fc  x KM'  ' 


7jpt  of  Aft  Fuselage  - Vai  ws/Conf  l curat  ion 


8 - 

Full  fuselage  depth  at  splice  of  main 
fuselage  to  aft  fuselage. 

Example;  SH3A 

9 - 

Ta 1 1 boor 
txant le : 

configured  for  rear  raigp . 
CHS  3 

i 0 - 

"ail boor 
Exact  le : 

without  rear  ramp. 
VM19 

1 3 - 

full  fuselage  depth  at  splice  of  iwur. 
fuselage  to  aft  fuselage  and  with  a 
tail  wheel  full  aft. 

Example;  HH2D 

IS  - 

Tail  cone 
Exarsp  le  ; 

upswept  frosr  fuselage  splice 
UHlb 

19: 


FI'S  ELAGE  WE  I GKT  ( FDS  • 


TVS  = 

where : 

R M 

N 

IX  = 

= 

H = 


..  . iLL(h*H;  x CM0'"'  * NGW  x (}W'b 

CMQ*  x x TTF  ‘ ^ x 77^ 


Usaile  Fuselage  Ler.ath  - Feet,  If  Fr^owr. , otherwise 

II  . 4 *.  j X Kr 

Main  Rotor  Radius  - Feet  - Input  Parameter 


Haxiraur  Fuselage  Width  - Feet 
use  2. SI  x I X ' * * J 


If  Known,  othervis 


Aircraft  Roll  Inertia  - Siug-Ft  - If  Known,  ether 

.ft-3  ^J.807 

wise  use  .22 1 x iQ  r KOK 

M dXifHV  Operating  Weight  - Lbs  - Input  Parameter 

Maxi nun  Fuselage  Height  - Feet  - If  Known,  other 

1 22fc 

wise  use  . 406  (LDI  A r.  SI  tit) 

LDIA  x 51  hi  = 

LDI A = Distance  fron  Tail  Rotor  to  Cockpit  Control 
Grouping  - Feet 

SIM  = Sine  of  Anole  at  Intersection  Between  LDI  A and 


Aircraft  Waterline 

If  LDI A x SIHL  is  not  known,  use  .961  x RN 


74  3 


CM  = Major  Structural  Cutouts,  Use  the  £ mm  ci  the 
Weighted  Values  Per  Configuration 


Cutouts  - Vai ues/Conf  lguratton  - Use  3.C  as  Min? mm 


Rose  Enclosure  (side  x side) 
Kose  Enclosure  (tanden) 

Pilot ' s Door 
Co- P i lot  * s Door 
Rescue  Door 
Cargo  Door 

Wose  D ors  - Avionics 
Nose  Doors  - Engine 
Rear  Loading  Doors 
Windows 

Through  Floor  Entrance 

Use  Wei  anted  Values  - 
172 


1.0C 
.50 
.75 
.75 
1.00 
1 -0C 
.25 
.75 
1.5C 

.25  each 

1 .00 


CM 


i . 35  x MOW 


If  Known,  otherwise  use 


rJS E LAGE  WE  I GH 7 ( rus  : (Cor.t  1 r.ued  > 

= Her ■sal  Gross  Weight  = 2.145  x 
OMR  = Rain  Kotor  Torque  - Ft  -Ubs  - 5250  x HPi/RPK 

HP  1 * Mam  Rotor  Bcrsepwer  - Input  Parameter 

RPK  * Mam  Rotor  RPM  = 9.549  x VK/RM 

VM  = Mam  Rotor  7m  Speed  - fps  - Input  rarsaeter 

MTRD  * Mam  Vhee  I Tread  - Feet  - If  Known,  otherwis 

use  .41  x If 

T?R  = Tail  Rotor  Thrust  ~ Lbs  - HI  2 RTK  x R-H 

HP 2 * Installed  Horsepower  - Input  Parameter 

F_  - .0326  (Constant  - Conventional  Geared) 


AFT  FUSELAGE  <AJF'US  5 


- 16M 


LT  Si  95  x TAF 


x F 


-t4 


( -_aw , 

'TTP  x LTE 1 


= Ler.utr,  of  the  Tail  Rotor  Pylon  - Feet  - If 
Knovr , otheiKise  use  !.€?  x 

- Tail  Rotor  Radius  - Feet  - If  Known , otherwise 
use  . OfP  x RX1  22 

= Main  Rotor  Radius  - Fee;  - Input  Paraneter 

- fixe  of  Aft  Fuselage  - Values/Ccnf  ? gyration 
L-<  e Horizontal  Stabilizer  (WHS  * weight 
equation 


«■  ■ -- 


W- - «- 
*»t  A ■*#  - » w 


- 'L-r  *V-r:a.-r  Vr sV .•  r ~ • 


= Main  Rotor  Torque  - Ft-Lbs  = 5250  x KF1/RPX 
- Ham  Rotor  Horsepower  - Input  Paraacter 
= Kair.  Rotor  RPR  = 9.549  x Vft/RX 


= Mam  Rotor  Tit  Si>eed 


its  - Input  Parameter 


*>  Tail  fetor  Thrust  - Lbs  = 13392.ee  x KP 2/RPR  x RX 
- Installed  Horsepower  - Input  Farameter 


= Length  of  Tail boon  - Feet 


Known , otherwise- 


ijS£»  .r>7  X 


,.2T3 


(AFUS)  AFT  WSKLAGE  WRl  f#HT 


f \ i/ys 

W1  l G~~ 

1 1»  r Y ■ 

*»?s  - 

. Ok  3 

. . 7 £ _ , . 4 4 „ ...^4 

x (FA  x iT f x TFi  | 

w he- : e : 

PA.  = 

Py  1 on 

L5t  . 

Profile  Area  - Sq.Ft  - If  Fr.-owr. . Otherwise 

it  74 

38  t.S  RT  x LTR? } x ?PY 

RT  = 

Tai  1 
use  . 

Rotor  Radius  - Feet  - If  Known,  otherwise 

i 22 

oe?  x Rjr  ■ 

RM 

Hairs 

Holer  Radius  - Feet  - Input  Parameter 

LTRF  = 

Lerncth  of  Tail  Rotor  Pyle-.  - Feet  - If  Unourr,, 

3 34 

otherwise  use  1.6"?  x RT ' 

TFY  = 

Tyt-v 

tdepe 

of  Pylon  Conf  1 curat  i or.  - Va  1 ties /Conf  1 g irat  ion 
nd 5 on  type  of  aft  fuselage# 

14  - 

Tailcone  upswept  fro*;  fuselage  spinet  . 
Exanple:  I'HIL* 

25  - 

Tati boon  without  rear  rant.. 
Example:  VK1* 

45  - 

Tailbocn  configured  for  rear  rase  . 
Example:  CH5  3 

4%  - 

Fill  fuselage  depth  a*,  sflice  of  stain 
fuse  lace  to  aft  fuselage. 

Example:  EH 3 A 

€2  - 

Full  fuselage  depth  at  splice  of  r*ain 
fuselage  to  aft  fuselage  and  with  a 
tail  wn.ee 3 fuli  aft  - 
Exanc-le : KH2D 

TT  r = 

la:  l 

Rotor  Thr  ,15 1 - L£  s = 13392.61  x KF2/RFK  x R*1 

HP  2 = 

Iris*  a 

lied  Horsepower  - Input  Parameter 

HP**  = 

«a:r 

Rotor  PPM  = *.54*  x VM/RM 

1 Gfil 


LAND  i KG  G:  AP- 


, ,,,  HC  x HJh  ’ ^ ’ x x W:  i 

- 1 % w 4 X - — 


I . 4 i 


IX 


. 4ts 


V\v  I - 

FLG 


AG 

ktp; 

Vs 

I X 


ar, dins  Gear  Geont-try  = Val\ie-s/Conf i<;--rat  tot: 
Sitid  Gear 
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1.2  3 - Twin  engines  with  confcining  gearbox. 
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